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LETTER OF TRANSMITTAL 



U. S. Department of AoKicuLTtrRB, 

Bureau of Soils, 
Washington, D. C, Aitgust SI, 1904. 
SlE: I respectfully submit herewith the manuscript of a paper 
entitled "The Centrifugal Method of Mechanical Soil Analysis," which 
has heen prepared in response to numerous requests for a description 
of the method of mechanical soil analysis used by the Bureau, our 
earlier publications on this subject being out of print. 

In addition to a description of the method of analysis the paper 
contains an account of certain investigatioas of various features of 
the method, regarding which there has been some uncertainty. For 
the information of students and others interested in the subject of 
mechanical analysis, a brief description of other methods at present 
used in the United States is appended. An account is also given of 
the chromic acid digestion method for determining organic matter in 
soils, as used by this Bureau at the present time. 
Respectfully, 

Milton Whitney, 

Chief of Bureau. 
Hon. James Wilson, 

/ of Agrietdture, 
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THE CENTRIFUGAL METHOD OF MECHANICAL SOIL 
ANALYSIS. 



INTBOD'aOTION 

The mechanical analysis of a soil consists (1) in the separation of 
the soil particles into groups dependent upon the size of the grains, 
and (2) in the determination of the percentage by weight of the par- 
ticles constituting each group. The limits of these groups are arbi- 
trarily chosen, with reference {o) to the ease in malting the separation, 
and (b) to the importance of the particles of any given size in deter- 
mining the physical charact«ristics of the soil. 

Virtually all the methods of mechanical analysis proposed take 
advant^e of the different rates of subsidence of particles of different 
diameters when suspended in water. In the Osborne" and the Knop* 
methods the particles are allowed to subside under the influence of- 
gravity in stationary columns of water. In the SehSne' method and 
the Ililgard'' elntriator method the subsidence of particles of a given 
diameter, under the influence of gravity, is compensated by the 
upward flow of a column of water, which carries off particles of 
smaller diameter. The centrifugal method,' as described by Snyder,-'* 
Hopkins,^ and this Bureau,^ is essentially a sedimentation method 
similar to that employed by Osborne, except that centrifugal force is 
used to hasten the subsidence. In the centrifugal elntriator of Toder* 
the principle employed is the same as in Hilgard's elntriator method, 
centrifugal force being used instead of the force of gravity to effect 
the subsidence of the particles.'^ ' 

"Ann. Rep. Conn. Expt. Sta., 1886, p. 141; 1887, p. 144; 1888, p. 154. 

ft WOey's Agricultural Analyeia, vol. 1, p. 189. 

'^Bnlletin de la Soci€t6 des Natnralistes de Moecon, 40, p. 324. Wiley's Agri- 
cnltwal Analysis. Vol. I, p. 313. 

''Ann. Rep. Cal. Expt, Sta,, 1891-93, p. 343. 

' So far as we know, centriFngal force was first made use of in connection with 
mechanical soil analysia by Professor Whitney, in 1892, at Clifton. Md. He nsed 
centrifagal force to hasten the process of sedimentation in the Osborne beaker 
method, using a Babcock hand separator for this purpose. 

/Ann. Rep. Minn. Eipt. Sta.. 189^, p. 62. 

ffProc. Asso. Off. Agrl. Chemista, Bnlletln 56. Division of Chemistry, U. S. 
Dept. of Agr. , 1898, p. 67. 

*Field Operations of Div. of Soils, 1898, Report No. 64, TJ. S. Dept. of Agr., 
190O, p. 173; Yearbook, U. S. Dept. of Agr. , IBOO. p. 397. 

*Bnlletin 89, Utah Eipt. Sta., 1904. 

J A very complete account of the foreign methods of mechanical soil analysis 
may be found in Wiley's Principles of Agricultural Analysis, Vol. I. 
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King" has described a method of determining what he terms the 
"effective diameter" of the soil grains in a given soil, based upon the 
rate of flow of air througli the dry soil. This determination would 
not properly be called a mechanical analysis in terms of the definition 
given above. It leads, however, to a classification of soils based upon 
the size of the soil grains, and possesses the distinct advantage of 
expressing the texture of a soil by a single numerical quantity. 
Another method of accomplishing this result, based upon the ordinary 
meclLanical analysis of the soil, will be given in a subsequent paper. 

This bulletin contains a description of the centrifugal method of 
mechanical soil analysis as used in this Bureau, together with the 
results of an investigation of the possible sources of error. The pro- 
cedure followed by the Bureau in collecting and preparing the samples 
for analysis is stated, and a brief description is given of other m.ethod8 
of mechanical analysis, several of which have been extensively used 
in the United States. The chromic-acid method, now employed by 
the Bureau for determining organic matter, is also described. 

THE OENTBZFVGAL METHOD OF MECHANICAL SOU. ANAXTBIS. 

COLLECTION AND STORAGE OP SAMPLES. 

Great care must be observed in the collection of soil samples, in ' 
order that they may be characteristic of the area or the conditionB 
which they represent. The heterogeneity of nearly all soils renders 
a sample taken at random practically worthless. The area under 
examination should first be thoroughly explored, using an auger or 
sampling tube for this purpose, after which samples should be taken 
which are typical of the conditions in various parts of the area. 

In the'soil survey the samples are taken with the aid of a 1^-inch 
wood auger, the shank of which has been lengthened to 3 feet. The 
sample is divided into soil and subsoil, in case any distinction between 
the two is apparent. No arbitrary division is made between the soil 
and subsoil, as far as depth is concerned. The sample is usually 
taken to a depth of 3 feet, and is divided into as many jmrtions as 
there are changes in texture, the depth and thickness of each stratum 
being noted. 

Composite samples are not used in the present work of the Bureau, 
except in so far as it may require several borings within a few feet of 
each other to secure a sample of suitable size. A sample should con- 
sist of at least 1 pound of material, and should either be taken when 
the soil is rather dry, or else be broken into small lumps and air dried 
before shipment. Otherwise heavy samples will dry into hard masses 
that are very difficult to prepare for analysis. The Bureau samples 
are shipped in cloth sacks, accompanied by suitable identification 

-"Ann. Eep. Wis. Expt. Sta., 1897, p. 138. 
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Fia. 1.— Shaker Thay, Containing Bottles. 



FiQ. 2.— Mechanical Shaker Used in Preparing Soils for Mechanical Analysis. 
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PEBFABATION OF THE SAMPLE. 9 

tags. They are stored in pint fruit jars, with tight-fitting tops, and 
are given serial numbers, by which they can subsequently be easily 
identified with the aid of a card catalogue. 

PRKPABATION OP THE SAMPLE FOE MECHANICAL ANALYSIS. 

It has been the practice of this Bureau to make a mechanical anal- 
ysis of that portion of a sample which passes through a 2 mm, sieve, 
to which the term "fine earth" has been applied. Many of the sam- 
ples reach the laboratory in a lumpy condition, so that it is necessary 
to break np the sample by mechanical means before it can be passed 
through the sieve. A heavy wooden rolling-pin, 4 inches in diameter, 
is used for this purpose. The use of a mill or pestle is not to be rec- 
ommended, as the larger grains are apt to be crushed by such a process. 
In case the soil contains any appreciable amount of gravel which will 
not pass a 2 mm. sieve, it is weighed and reported in terms of per cent 
by weight of the whole sample. The mechanical analysis is confined 
to the portion passing through the sieve, and the amounts of the 
varioiis groups found are expressed as percentages of the fine earth, 
without reference to the coarser material which may be present. 

In subsampling for mechanical analysis the portion of the sample 
passing the 2 mm. sieve is spread out upon a piece of heavy paper 
and thoroughly mixed with a large spatula. The sample is then 
divided into four parts, and one portion is again thoroughly mixed, 
from which a sample of from 10 to 20 grams is removed for mechan- 
ical analysis. This sample is dried at 110° C. and from the dry mate- 
rial a 5-gram portion is weighed out for analysis. 

DISI2STEGEATI0N OF THE SOIL BY THE MECHANICAL SHAKER. 

Before making an analysis it is necessary to disintegrate any 
aggregations of particles which exist in the dry soil. This is best 
accomplished by shaking the samples with water for a few hours. 
The 5-gram samples are introduced into 250 cc. cylindrical round- 
bottomed sterilizing bottles, each containing approximately 75 cc. of 
distilled water. Ten drops of strong ammonia (sp. gr,=0.9) are 
added to each bottle, which is then closed with a well-fitting rubber 
stopper. The bottles are placed in individual compartments in trays, 
each tray holding eight bottles {see PI. I, fig. 1), which corresponds to 
the number of samples usually analyzed at a time. 

The shaker illustrated in Plate I, figure 2, consists of a platform 
for carrying the trays, resting uxion four flexible wooden supports, to 
which a reciprocating motion is imparted by a crank. Each tray is 
provided with a pin at either end which engages with the tray above 
it, so that six trays may be placed upon the shaker at one time, all 
easily accessible. The shaker is driven by a one-sixteenth horse- 
power motor which is belted to a fiber worm reducing gear, provided 
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with a orank to which the ehaker is connected. The crank 1b 5 cm. 
in length and runs at 100 revolutions per minute. I( the motor 
used with the machine is of the series type, it la necessary to have 
a regulating rheostat, which is usually provided in the base of 
the motor, to adjust the speed when the shaker is not fully loaded. 
With a shunt-wound motor, running at practically constant speed, a 
rheostat is not necessary, providing the reducing gear has been 
designed to drive the shaker at the prpper speed. 

This form of shaker is more convenient than one in which the plat- 
form is supported from above, since the supports do not interfere 
with the i-emoval of the trays. The use of thin steel or wooden sup- 
ports, set with their planes at right angles to the direction of motion, 
avoids the necessity of guides to prevent lateral motion, while little 
resistance is encountered to motion in the direction parallel to the 
plane of the crank. In the apparatus illustrated, the supports are of 
hickory, 35 mm. wide, 4 mm. thick, and 70 cm. long. 

The effect of shaking and the use of ammonia on the mechanical 
composition of the soil will be discussed later. 

THE CENTRIFUGAL MACHINE. 

The primary requisite in making mechanical analyses by the cen- 
trifugal method is some means of securing the high velocity required 
to throw down the suspended soil particles. An electric motor is 
most suitable for this purpose, if an electric- lighting circuit is avail- 
able. Large direct-current series motors of the desk-fan type are 
very satisfactory. Alternating-current induction motors of the desk- 
fan type are not sufficiently powerful to give satisfactory results. 
In ease an alternating-current circuit is the only one available, a belt^ 
driven apparatus used in connection with an induction motor of pref- 
erably one-half horsepower capacity should be employed. 

The centrifugal apparatus used in this laboratory, and illustrated 
in Plate II, consists of a 110-volt 16-inch fan motor mounted with its 
shaft in a vertical position, to which is attached a spider carrying 
eight trunnioned frames. The distance from the center of the motor 
shaft to the center of the trunnion screws is 10 cm., and the depth of 
the trunnioned racks is 15 cm. The centrifugal tubes consist of lat^ 
heavy glass test tubes 18 by 3cm., whiehare supported iu the trunnioned 
racks. The aperture in the upper ring of the support is made large 
enough to admit the test tube readily, while the opening in the lower 
ring is smaller than the tube, and is faced with a felt cushion, on which 
the tube rests. It is important that the tubes should be thoroughly 
annealed; otherwise breakage is apt to occur under the strain to 
which they are subjected during rotation. To protect the operator 
from such accidents a guard surrounds the movable portion of the 
machine. 

The motor is provided with a rheostat in its base, giving four dif- 
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fereut speeds, which enables one to start the motor slowly and bring 
it gradually up to full speed. The machine when loaded and run- 
ning at full speed requires about one minute to stop after the circuit 
is opened. To avoid this delay the motor is provided with a revers- 
ing switch, by means of which the direction of the current through 
the armature may be reversed and the motor brought quickly to rest, 
liefore stopping the machine in this way the rheostat should be set 
at the first speed, and then slowly moved to the second or third speed, 
in order that the motor may not be subjected to too great mechanical 
and electrical strains iu the reversing process. 

MICE08C0PE. 

A compound microscope is necessary for measuring the sizes oE the 
particles in the- silt and clay separations. The instrument should be 
provided with an eye piece micrometer, and it is of great convenience 
to adjust the objective and length of the tube so that one scale divi- 
sion of the micrometer will oorrespond to the superior limit of the 
smallest group to be measured. In our microscope, using an one- 
eighth objective, one scale division of the micrometer corresponds M 
0.005 mm., which is the superior limit of the clay group. Similarly 
ten scale divisions, or one large division on the micrometer, corre- 
sponds to the superior limit of the silt group. Such an arrangement 
greatly faciUtates rapid measurement. 

APPARATUS CONTAINING DISTILLED WATER UNDER PRB9SURB. 

In washing the samples from the shaker bottles and from the evapo- 
rating dishes, and in bringing the soil into suspension after having 
been packed into the bottom of the 
tubes by centrifugal action, a jet of 
distilled water under considerable 
pressure will be found of great assist- 
ance. For this purpose we use a 
lai'ge wash bottle, as shown in figure 
1. The air-tight reservoir R, having 
a capacity of 10 liters, is filled by 
opening the valve A, in the pipe lead- 
ing from the supply tank, the valve 
V being opened also to permit the 
escape of the compressed air. In 
case the supply tank is below the 
level of K, the reservoir may still be 
filled by attaching B to a good aspi- 
rator pump, pmviding the distilled water does not have to be lifted 
more than 25 feet. 

After filling, A and Fare closed and air is admitted from the pres- 
sure cock P. If the laboratory is not provided with compressed air, 
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a lai^ bicycle pomp answers the purpose very well. In this case it 
is important that the connections should be perfectly tight in order to 
maintain the pressure, and a gauge should be attached to the bottle in 
order that excessive pressures may be avoided. A preBsnre of 8 or 10 
pounds per square inch gives a jet of sufficient strength to bring the 
material quickly into suspension after it has been packed firmly in 
the bottom of the centrifugal tubes. This apparatiis is far superior 
to the Qi^inary wash bottle, and will well repay the slight trouble 
incident to its construction. 

MAKING SEPARATIONS BY THE CENTRIFUGAL METHOD. 

The eight shaker bottles, numbered 1 to 8, are transferred from the 
shaker tray to a small rack holding them in an upright position. The 
contents of each bottle are then decanted into the centrifugal tube of 
corresponding number. It is usually not possible to transfer all of 
the soil from the shaker bottle to the centrifugal tube in one opera- 
tion, the remainder of the soil being transferred after one or more 
decantations of clay water have been made. 

Care should be taken in starting the machine to see that the tubes 
on the opposite sides of the machine contain about the same amount ' 
of water, in order that the system may be balanced. It is advisable 
to arrange the tubes in the machine so that tubes of equal weight 
shall occupy diametrically opposite positions. The tubes should then 
be numbered eonsequtively and this order observed in placing them j 
in the machine. 

The tubes being filled, the machine is run at full speed for about 
three minutes, the time depending upon the speed of the machine and 
the amount of suspended material present. The machine is then 
stopped by means of the reversing switch, and the material remain- 
ing in suspension examined under the microscope to see if it contains 
any particles larger than the clay group. A small quantity of sus- 
pended material may be conveniently removed for microscopic exam- 
ination by the use of a small glass tube, about 2 mm. in internal 
diameter. A linger is placed over the upper end of the tube, and the 
lower end of the tube inserted to the desired depth in the centrifugal 
tube. When the finger is removed a small amount of water contain- 
ing the material in suspension at this depth passes into the_ tube. 
The finger is then replaced and the tube withdrawn. A drop of the 
water containing the suspended material can then be readily trans- 
ferred to the microscope slide. If only clay particles are found in 
suspension, the clay water is decanted from each tube into evapo- 
rating dishes with corresponding numbers. The remainder of the 
soil in the shaker bottle is then washed into the centrifugal tubes, 
the soil in the bottom of the tubes brought into suspension by means 
of the jet of distilled water, the machine again started, and the sep- 
arations effected as before. This process should be repeated until all 
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the particles leso than 0.005 lam. in diameter have beea removal from 
th« sample. 

It is not always possible to remove all the clay without (tvramting 
some particles larger than 0.005 mm. in diameter, on account of the 
irregular shapes of the particles, which modifies the rate of subsidence. 
This is especially the case with micaceous soils, where the thin flakes 
or scales do not subside as rapidly as some of the clay particles. In 
such a case the analyst has bat one recourse, namely, to make the loss 
in one group balance as nearly as possible the gain in the other. This 
necessitates the direct comparison of the particles which are decanted 
with those which remain behind in the centrifugal tube. The success 
of a separation of this kind manifestly depends upon the judgment 
and experience of the analyst. 

The clay suspension is evaporated nearly to dryness on a hot-plate, 
and is then transferred from the evaporating dishes to small platinum 
or porcelain dishes for drying and weighing. We have tried a great 
variety of dishes for evaporating purposes, and the white enameled 
or granite ware flat-bottom saucepans of about 1 liter capacity seem 
the most serviceable for this purpose. Porcelain is too fragile and 
too poor a conductor of heat to be thoroughly satisfactory as an evap- 
orating dish. Aluminum dishes were tried, but they could not be 
cleaned as thoroughly as the enameled surfaces, and they also reacted 
with the hot soil solutions, particularly in the case of the alkaline 
soils. If care is taken to prevent the enameled dish from drying out 
completely on the drying plate so as to become overheated it will last 
for a long time. If overheating occurs, however, the enamel soon 
begins to flake and the dishes are useless for analytical purposes. 

The transfer of the clay from the evaporating dish to the platinum 
dish is easily effected by means of the jet of distilled water, described 
above, with the help of a small rubber "policeman." The clay sus- 
pension in the platinnm dish is then evaporated to dryness on a steam 
i>atli, dried in the oven at 110° C. and weighed." 

In the separation of the silts from the sands it is not necessary to 
use centrifugal force, sedimentation under the action of gravity being 
sufficiently rapid for this purpose. The centrifugal tubes are accord- 
ingly transferred for convenience from the machine to a small rack 
holding them in a vertical position, and the material brought into sus- 
pension by a jet of distilled water as before. Sufficient time is allowed 
for the coarser particles in the suspended material to subside, a test 
being made with the use of the microscope before decanting, to be 
sure that silt only remains in suspension. The material left in the 
tubes is again brought into suspension, and the operation repeated 

" 8maU porcelain diabes glazed on both snrfacea may be satisfftctorily anbsti- 
tnted for the platinum dishes when the separations are not Ignited. The porcelain 
is cleaned rather more easily than platiuom and the loss in weight by wear is no 
greater. 
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until a test with the mieroseope shows that no silt i'«niain». The 
separation ot the silt from the sands is the most difficult one in the 
whole process. The subsidence is so rapid that it is necessary to work 
quicltly, and at the same time great care must be used that sonae of 
the particles properly belonging in the sand group are not decanted 
with the silt. 

It is usually not necessary to evaporate the silt water. The silt 
soon settles to the bottom of the dish, leaving the water above oleai 
or perhaps very slightly turbid. This water can then be decanted 
and the silt transferred at once to the platinum dish, brought to dry- 
ness on the steam bath, dried in the oven, and weighed. The pro- 
eeditre to be followed when the silt water is turbid or contains a 
considerable amount of soluble material, will be discnssed later. 

The sands remaining in the centrifugal tubes after the clay and silt 
have been removed are transferred to the small platinum or porcelain 
dishes, dried, and weighed, as in the case of the other separations. 
The sura of the weights of the three separations for each sampk 
should then be equal to 6 grams, and one can thus determine whether 
loss has occurred during the separation. The sands are then sepa- 
rated into five groups by means of a nest of four sieves. The 1 mm. 
and 0.5 mm, sieves are of brass with circular perforations. The 
0.26 mm. and 0.1 mm. sieves are made of silk bolting cloth stretched 
over brass frames, and held in position by slip rings. We use for this 
purpose Nos. 6XX and 13XX of double extra heavy quality silk bolting 
cloth. 

The five separations thus obtained are weighed. The sum of these 
weights should equal the weight of the sands before sifting, but 
there is sometimes a slight loss in this process, due to the sand 
becoming caught in the sieves or lost in transferring to the weighing 
pan. This loss seldom amounts as much as 10 mg. i 

Occasionally it will be found that the silt water contains a lai^ 
amount of soluble material. This condition can be easily shown by 
measuring the electrical conductivity of the solution. In such cases, 
if the silt water is decanted and not evaporated, the analysis will foot 
up short. The correct procedure under these circumstances is some- 
what open to question. It appears to us advisable in such cases to , 
class the dissolved material in the silt water with the silt rather than 
transfer it to the clay. To be sure this dissolved material is neither 
silt nor clay, but the whole tendency of the analysis of such soils is to 
make the clay content abnormally high. These soils are found in 
many cases to consist of small and comparatively insoluble particles 
cemented into larger aggregates by soluble material. Consequently, 
when a lai^e amount of water is added, this cementing material dis- 
solves, and the mechanical composition of the soil is greatly changed. 
This error is to some extent counteracted by the procedure indi- 
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cated. The mechanical analysis of a soil in which these conditions 
are observed must be accepted with reserve, since disintegration of 
the soil must have taken place to a considerable extent daring the 
analysis. 

While gypsum soils and soils containing a considerable amount of 
calcium carbonate are difficult to analyze by the centrifugal method, 
much better results can be obtained than by those methods in which 
the soil remains in contact with the water used in the separation for 
several days. Unless unusual difficulties are met with, the complete 
separation of the silt and clay in eight samples of soils can unually 
be made by the centrifugal method in from two to three hours. Occa- 
sionally very heavy clay soils will require over three hours. A soil 
which shows a tendency to disintegrate during analysis will also pro- 
long the time of the analysis, owing to the impossibility of making a 
sharp separation. As soon as the analyst recognizes this condition it 
is best to stop without attempting to obtain a sharp separation, as 
this procedure will more probably give results approximating the true 
texture of the soil. 

LABORATORY RECORD. 

The accompanying illustration (fig. 2) represents a page of the 
mechanical analysis laboratory notebook. The number preceding the 
word "clay" is the number of the dish in which the separation was 
dried and weighed. On the first line below is recorded the weight of 
the dish pins the separation, and on the second line the weight of the 
dish, the difference giving the weight of the separation; similarly 
for the "silt" and the "sands." The sum of these three separations 
should equal the weight of the original sample. 

The sands are further divided by the sieves into groups (1) to (5), 
inclusive, tlie weight being recorded opposite these numbers. The 
silt constitutes group (6), and the clay, group (7). The percentages, 
by weight of the soil particles in each group, are now readily calcu- 
lated. The final determination of the sum of the weights and of the 
percentages checks the numerical work. 

The conventional names, applied by Whitney to the several sepa- 
rations, are as follows: 

Group (1) Fine gravel. 

Group (2) Coarse sand. 

Group (8) Medium sand. 

Group (4) Fine sand. 

Group (6) Very fine sand. 

Group (6) Silt. 

Group (7) Clay. 



by Google 



16 OENTBIFUOAL METHOD OF BOIL ANALYSIS. 

For reference purposes, a double record is transcribed from the 
laboratory book, tlie results of the analysis being reported to tenths 

MECHANICAU. ANAL.Y5IS. 



Sample N0..M345... [i2it,<2^/.€-/fA.'y.. 

Gravel, >2 mm., U percent. 

ANALYSIS OF i GRAMS OF SOIL <2 MM. 



H«..,S.9-:Smk (l)-(5). No. 37 Sill (6). No ^.<?....CIay (7). 

..Jt/SfA- AS.ITk Jl.3,DSX 

HOXoo S./050 S.I.9VS ' 

1.190 i.lXb /.OSS 



(1) 


2-1 


0.0"^ 


. O.Ik 


(2) 


1-.5 


.oil 


- .3r 


(3) 


-5-, 25 - 


.oil 


■ .3Jr 


(4) 


.25-.! 


*.^r 


■ H-lb 


(5) 


.1-.05 - 


.!rf6 


■ /7f5 


<6) 


.05 -.005 - 


i.. >^^ 


- i'V.^S. 


(7) 


<.0O5 - 


■/.o>-3 


- 2 /. & 6 



Tig. 2.— Lkbontory form used in mechanical aualysia. 

of 1 per cent. One record is made in serial form in a ledger and 
the other is kept on cards arranged with reference to the locally or 
area from which the samples were obtained. 
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INVESTIGATION OF VARIOUS FEATURES. 



This chapter contains the results of experiments made t« determine 
the effect of certain operations in the centrifugal method of mechan- 
ical analysis on the mechanical composition of a soil. 

An investigation of the following subjects has been made: 

1. The method of subsampling; 

2. The effect of oven drying on the mechanical composition; 

3. The effect of shaking on the mechanical composition; 

i. The effect of the use of ammonia in mechanical analysis; and 

5. The accuracy of the centrifugal method. 

In the tables in this chapter, the heavy faced numerals in paren- 
theses whieh head the columns refer to the group number of the 
mechanical separations (see p. 15), and the numbers immediately 
below in italics show the limita of the diameters of the particle.s in 
each group, in millimeters. The figures in the columns below give 
the percentage distribution by weight, through the several groups, of 
the soil grains constituting a given sample. The number of the 
sample refers to the Bnreau catalogue number of the sample.'' 

SUBSAMPLING. 

Mention has already been made (see p. 9) of the difficulty encoun- 
tered in securing a representative subsample of a soil containing 
coarse material, there being always a tendency toward a partial 
separation of the fine and coarse material in such samples. It has 
been our practice to mix the samples as thoroughly as possible with 
a spatula, and then to remove small portions from the various parts 
of the drying dish to make up the 5-gram sample. This process is 
necessarily somewhat uncertain, and it occurred to us that the seed- 
sampling machine devised by E. Brown,* of the Seed Laboratory of 
this Department, for obtaining representative subsamples of seed 
might be used equally well to obtain representative subsamples of 
soils. This machine has a revolving hopper from which the seed 
flows through an annular orifice, and is divided into two portions 
by means of a stationaiy vertical knife-edge placed just below and 
bisecting the orifice. In using this apparatus a sample of soil was 

"A catalogae of the first 4,000 samplea collected by the Bureau has been pub- 
lished as Bulletin No. 16 of this Bnrean. Descriptions of moat of the remaining 
samples may be foand in the Reports of the Field Operations of the Bureau of 
SoOs. 

''An illustration and working drawing of this apparatus may be found in Cir- 
cular No. 34, Revised, Office of Experiment Stations, entitled " Rules and regn- 
latioas for seed testing." For use in sampling soils the apparatus should be 
made much smaller, and care ahonld be taken to obtain smooth and polished sur- 
faces in order to prevent the adherence of the finer particles. 
?533-No. 24—04 8 
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CKNTBIFUGAL METHOD OF SOIL ANALYSIS. 



placed in the machine aad divided into two portions, one of which 
was again passed through the machine and snbdivided. This process 
was continued until two samples were obtained cotLtaiuing approxi- 
mately the amount of soil used in an analysis. Samples taken in this 
manner were analyzed and compared with those talcen in the nsnal 
way. The results of the analyses are given in the following table: 

Tablr I. — Comparison of methods of aubaampling. 



No. of 


"pit"' 


Method ot 


SI 


llll 


<a) 

O.S-OJ$. 


(4) 1 (») 
OJS-O.I. \ 0.1-0.05. 


,.JS^W 


(7) 
0.00&-J)J). 


(ij) 

(o> 
<d) 
8876 (»| 
(b) 
(c) 
(til 

<bl 
(c) 
(d) 
(e) 
(0 
(K) 
(b) 
(i) 


Oram 

10 




Spatula... 
do 

Hachine .. 
do 

Spatula... 
do 

HacbJue.. 
do 

Spatola... 

do._.._ 

do 

do 

do 

Mftchlno .- 

do 

do 

do 


Ftrcmt 
6,3 

ia.8 

8.1 
13.8 

.1 


Percent 

m.s 

28.8 

ae.t 

IB. 4 

18.0 

3.8 

4.8 
*.£ 

5,8 

4.3 


Percent 
S.9 

5.5 
10. s 
11.7 

ia7 

11.8 
1S.1 
12.3 
12.3 


Percent 

11.1 
8,3 

7.1 

5.e 

38.4 
31.0 
84, « 
S4,« 

34.8 
34,6 
83.K 
84.6 


Perrtnl 

6,6 

5.0 
3.0 

3:4 

15.2 
19.1 
18,1 
18,4 

18,9 
10,8 
SD.O 
»,8 


Percent. 
S6,7 
28.8 
23,3 
34.3 
91.4 
34.0 
33,1 

22.3 

32,4 

1B.B 
IB. 7 
20.3 
10.3 


Percent. 
18,! 
17.1 
16. g 

16.8 

s; 

33,8 
11,4 

8.4 
8,t 
S.S 



Samples 0«75andBe7Bwerean&lyzed by F.O.Martiu and B881 by J.B.Pearce, Analyses 9875 |b), 
9B7S <al, and 1681 (a) were made prerlons b> tbe otber analyeeB. and are introduced here tor 
comparison. 

An inspection of Table I shows that in the case of 9875 and 9876 the 
percentage of groups (1) and (2) in the samples taken with the spat- 
ula is less than when sampled with the machine. These results would 
indicate that the analyst failed to obtain a sufHcient amount of coarse 
material in snbsampling with the spatula. The duplicate analyses of 
these soils subsampled by the machine also agree better than those in 
which the samples were taken with the spatula. With 9881 the 
agreement of the duplicates appears to be about equally good in the 
two cases. In this sample there is a much smaller percentage of 
groups (1) and (2), so that the influence of the method of subsam- 
pling would not be so evident. 

These results show that a mechanical sampler is superior to the 
spatula for subsampling soils in which groups (1) and (2) are present 
in any quantity. This applies also to samples in which aggregates 
exist larger than 0.5 mm. Tlie mechanical sampler has the disad- 
vantage of not giving samples of uniform weight, since the whole of 
the sample obtained through the last subdivision must, of course, be 
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used in order to make the method of value. Some inconvenieiice ia 
calculation is thereby introduced. 

Care should he taken to start with a sample the weight of which is 
approximately 2'^ that of the desired sample, x being a positive inte- 
gral number, and the machine should be so adjusted as to divide the 
sample into two equal portions. Otherwise the samples obtained may 
be too large, which prolongs the separation unnecessarily; or too small, 
which lessens the accuracy of the work. The final snbsample should 
be weighed, which gives a check on the size of the sample and a 
means of determining whether loss has occurred during the subse- 
quent separations. 

EFFECT OF AIK DRYING AND OVEN DRYING ON MECHANICAL COMPO- 
SITION OF SOIL. 

It has been our custom to dry soil samples at 110° C. before weigh- 
ing out the portion for mechanical analysis in order that the work 
might be checked by the subsequent weighings in the manner already 
indicated, Tlie question arose whether such oven drying might not 
modify the mechanical composition of the soil through the formation 
of aggregates which would not disintegrate in the shaker. For the 
purpose of investigating this point samples were collected in a moist 
condition, and after mixing with the hands a portion was first dried 
at 110° C. and then shaken, while another portion was placed at once 
in a shaker bottle and water added . The two portions were then ana- 
lyzed in the usual way. Several determinations were made in this 
way with samples collected from difCerent points in the Department 
grounds, the results being given in the following table: 



Table 11.— Effect of a 



' drying and <yven drying a 



the mechanical ccmiposition 



pto!" 


Description. 


(fl) 


(7> 






Fa- cent. 
41.3 

.41,7 

80.2 
81,5 

i».g 
34.8 
S3.S 

«.. 


Ftraml. 


















36.8 
























2S8 




















. 







analyzed by F. O. Martin; (d) to (k), InclTuive, analyzed bf 
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The first three analyses were made without the use of ammonia. In 
the remainder ammonia was used. The percentage ot silt and clay 
only was determined, since any change in composition due to drying 
would show most markedly in these separations. 

It will be seen from an inspection of the results that in the case of 
the samples examined oven drying reduces the clay content slightly, 
with the exception of the first sample, where the clay content was 
slightly increased. While a definite conclusion can not be drawn 
without the examination of a large number of samples, the results so 
far indicate that drying a soil at 110° C. does not seriously modify its 
mechanical composition, as determined in the moist state. If aggre- 
gates were formed to any considerable extent they would be detected 
in the microscopical examination of the separations during the process 
of analysis, and such an examination consequently serves to uotify 
the analyst of any tendency in this direction. 

EFFECT OF SHAKING ON MECHANICAL COMPOSITION. 

In preparing samples for mechanical analysis pestling or shaking 
in water is necessary to separate the clay from the sand grains. It 
consequently becomes important to determine the time necessary to 
effect this disintegration, and whether there is any tf-ndency of the 
soil to break down through long-continued shaking. The results of a 
series of experiments made to determine the effect of shaking on the 
mechanical composition are given in Table III. Nine soils varying 
widely in mechanical compositicm were investigated. Five samples 
of each soil were taken, great care being exercised in taking the sob- 
samples to obtain uniformity. These samples were shaken for five 
different periods, varying from one to seventy-seven hours. The 
shaker used was the one already described in this papec Ten drops 
of ammonia were added to each sample before shaking. 

To determine moi-e specifically the effect of shaking upon the finer 
material, the usual clay group in most of the samples was divided 
into two gronps, the limits of which were 0,005 to 0.001 mm. and O.OOl 
to 0.0 mm. 

It will be seen from an inspection of the table that shaking for one 
hnnr is in some cases not sufdcient to sepavate the clay from the larger 
grains. No marked change appears to take place after six hours 
shaking, except in case of samples shaken for seventy-seven houTS, 
all of which show an increased amount of clay, indicating that in 
samples shaken for long periods a breaking down of the soil does 
occur to some extent. 

In accordance with the results shown in the table, it has been our 
practice in preparing samples for mechanical analysis to shake the 
sample for at .least six hours before making the separation. 
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So.ot Time 




Analjeea Disde by F. O. UkHIu. 
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USE OF AHHONIA IN HBCKANICAL ANALYSIS. 

Ammonia has a very marked action in breaking up the flooculations 
which are to be fonnd in most soils containing particles less than 
0.005 mm. in diameter. Some investigations have been carried out 
in this laboratory to determine the effect of the amount of ammonia 
used on the mechanical composition of the soil. Amounts of ammonia 
varying from 1 to 60 drops of concentrated ammonia (Baker and 
Adamson, sp. gr. = O.S) were added to 5-gram samples of soil, to which 
50 oc. of water had been added. These samples were shaken for six 
hours. Analyses were also made of the same soils shaken without 
ammonia for the purpose of comparison. The results are given in 
Table IV. 

It will be seen from an inspection of this table that the percentage 
of clay is greatly increased by the use of ammonia. One drop of 
ammonia does not seem to be sufficient to break up the fioccules com- 
pletely, but no great change is produced by the addition of more than 
6 drops to 50 cc. of water. 

Tablb IV. — Effect of amount of amtnionia used on mechanical eompoailion. 



Number of 
BUnple. 


*Si£' 


&'. 


1^ 


0.^.^. 


(4) 


(SI 


(«) ^ 


0.0^ 
















Drop.. 


percent 


Percent 


Percent 


Prrcent 


Percent. 


Per cent. 


Per cent. 


am 







3.6 


3.4 


s.e 




78.7 


1.3 






i.a 






10.1 


5,8 


H.7 






G 




4.0 


2.B 


10.8 


fl.l 


ae.8 


aB.e 








3.1 










35.7 








3.6 






8.1 


10-7 


8B.e 




«0 




8.8 


2.fi 


B.T 


5.8 


10.2 


38.6 


SIM 










18,7 


6.0 


56.0 


R9 




1 




B.fl 


6.S 


ia.« 


1.2 


Bft* 


2*.0 




s 




a. 3 


B.S 


13.6 


S.4 


51.4 


£1.! 




10 

so 




2.8 


S.6 


«.9 
18.8 


6-1 


61.1 

60.5 


a.s 




an 




B.fl 


S.5 


IB a 


aa 


60.0 


a.7 




J 




fi 


4.0 


4.8 
4.3 


4.» 


81.3 


IT.O 




10 






5.8 




6.S 


68.6 






so 




3.8 


4.0 


1.8 


4.7 


es.2 


18. S 




«0 




4.8 


5. a 


1.1 


4.8 


as.i 


18.3 



Analyzed by W. E), Smltli nud F. O. Uartln. 

The effect of ammonia is further shown in Table V, in which the 
analyses of a large number of soils, made both without and with the 
addition of ammonia, are compared. The first analysis given in the 
case of each sample was made without ammonia, white in the second 
analysis 5 drops of ammonia were added to the samples in the shaker 
bottles. The samples were shaken for six hours in the usual way. 
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Ta£LB V. — Comparison of analygea made vjithout and with ammonia. 



sa 


Btato. 


Lomm 

St 


(1 




.l?i. 


oi^W 


o.in.i. 


(5) 


cocoas. 


(T) 
























P^ct. 


Perd. 


Perct. 


JVrrt. 


Perct. 


Ptrcl. 


Percl. 


Perct. 


4031 


Maryland- 


3.B 


8.7 


7.8 








68.7 
















4.1 


4.7 


16.1 


60.8 


8 


7 


4036 


.-.do 


3.0 


« 




18.7 


6.0 


B.1 


8.1 
18.8 


^8 


j! 


I 


•48M 


Calilomia 


e.B 






.0 


.9 


2.8 


17.2 
88.0 


62,7 


82 





•4ao« 


....do 


5.t 






.0 


.5 


l^B 


27.0 


81,9 


87 








S.S 






.0 




8.6 


80.3 


67.3 


16 
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.0 




17.1 


89.8 


81.4 
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7.8 
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81,8 
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11.1 


48.G 
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Table V. — ComparUon of atwJpses made without and with ammonia — Cont'd. 
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AlulyHee made by Geor^ N. CoSey, CliarleB A. Jensen, and V. O. Martin 

It will be seen from a stndy of this table that in most samples the 
effect of the addition of ammoaia is to increase the amount of clay. 
However, in the case of strongly alkaline soils containing more than 
1 per cent of aolnble material (designated by a star in the table), the 
addition of ammonia either has little effect or its use has actually 
diminished the clay content. The latter action is particularly marked 
in 4801 and 4809. In the case of the last four soils given in the table 
the samples to which ammonia was added were found to be badly 
flocculated and the time required for the separation was about twice 
as great as for the untreated samples. 

A consideration of these tables leads to the conclusion that the use 
of ammonia in mechanical analysis increases the percentage of group 
(7) in soils that are not alkaline by destroying the formation of floc- 
cules or aggregations of the smaller particles. In the ease of strongly 
alkaline soils the addition of ammonia appears to floccnlate the soil 
rather than break up the floceulations, and its use in such cases is 
therefore not desirable. From 5 to 10 drops of ammonia added to 
5 grams of soil in 50 cc. of water appears to be sufficient to break up 
the floceulations in nonalkaline soils. 

In case a soil contains a considerable amount of lime or magnesium 
carbonate flocculation will occur, which usuftlly becomes more pro- 
nounced upon the addition of ammonia. This action was well illus- 
trated in two samples of Houston clay (10324 and 10326) from the 
Macon area, Georgia. These were badly flocculated at the beginning 
of the mechanical analysis, but after two or three decantations had 
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been made the tendency to flocculate disappeared and the final sepa- 
ration was made without difficulty. Subsequent chemical analyses of 
these samples showed them to contain 35.8 per cent and 42.1 per cent, 
respectively, of carbonates calculated as calcium carbonate. 

ACCURACY OF MECHANICAL ANALYSIS BY THE CENTBIFDQAL METHOD. 

The following table gives the results of the analyses of eight 5-gram 
samples of the same soil, the analyses of all the samples being made 
at the same time. The subsamples were taken with the spatula, the 
regular laboratory procedure of mixing and quartering being followed. 
These analyses may fairly be taken to represent the limit of accu- 
racy attainable by the centrifugal method under the most favorable 
conditions. 

TiBLK Vl.—AceurtKii of mechanical analynia a 
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Analyses made by J. O. Martin. 

OTBEK KETHODB OF KEOHANIOAI. BOH. AHAI.TBI8. 

HILGARD'S ELUTRIATOR METHOD. 

Professor Hilgard was the first in this country to appreciate the 
importance of mechanical analysis, his first paper " on the subject 
appearing in 1873. Hilgard's method depends upon the fact that a 
stream of water moving vertically upward through a tube will sus- 
pend and carry off soil particles below a certain diameter, depending 
upon the velocity of the water. By thus regulating carefully the 
velocity of the stream one can effect the various separations desired. 
Hilgard's apparatus, which he terms the "churn elatriator," resembles 
Schone's apparatus, but includes two important modifications, (1) the 
sobstitution of a cylindrical tube for the vertical conical tube used by 
Sehdne, which eliminates the eddies formed in a conical tube, and 
thus secures greater uniformity in the sieea of the particles removed; 
(2) the addition of a rapidly revolving stirrer at the lower end o£ the 



lAm. Jonr. of Science, mrieB 3, Vol. VI, 1873, pp. 38S-296, 383-839. 
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elutriator tube to break up flocculent masses. The general arrange- 
ment of the apparatus and connections is shown diagrammatically ia 
figure 3." 

The stirrer should be run at a speed from 500 to 600 revolutiouB per 
minute in order to be effective. Tiie agitation of the water by the 
stirrer is prevented from being commnnicated to that portion in 
which the separation is made by means of a wire screen of 0.8 mm. 
apertore cemented across the l>ottom of the cylinder. To secure con- 




Fig. 3.— Hilenrd'B elatrlator. 



cordant results it is necessary that the tube of the instrument should 
be as nearly cylindrical as possible and placed in a vertical position. 
Sunshine or the proximity of other sources of heat must be avoided. 
The amonnt of sediment discharged at any one time must not exceed 
that producing a moderate turbidity, and clear water mast be used. 
Distilled water is not necessary. 

Hilgard uses the elutriator only in separating particles larger than 
0.01 mm. in diameter, this material being first separated from the 
smaller particles by subsidence. The material to be analyzed by the 
elutriator is introduced into the reservoir B. A constant pressure of 

a For a fall description of the method, see Rep. of Gal. E^>. Sta. , 1891-93, p. 348. 
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water is secured by means of a Mariotte apparatus, M, the velocity of 
the stream being controlled by the graduated valve V. Each separa- 
tion is, of course, associated with a considerable volume of water; 
however, by allowing the water coming from the cylinder C to flow 
into a vessel of large horizontal cross section P, the velocity of the 
stream will be much lessened, and the suspended material will in con- 
sequence sink to the bottom of the vessel. In this way the separation 
can be confined to a comparatively small volume of water. 

Hilgardexpresseshls various separations in terms of their "hydrau- 
lic value; " that is, the upward velocity of the water column in milli- 
meters per second, which is just sufficient to remove the separation. 

The following table, taken from Hilgard's paper, shows the various 
hydraulic values he employed, with the corresponding diameter of 
the quartz grains removed at these velocities: 

Table Vn, — Diameters and hydraulic values of sediments. 



°Hi°' 


hydranllc 


qnarti 


^C"^ 


0.60 
0.80 

0.18 
0.078 


64 
ffi 

8 

* 


0,0>T 
0.088 

o.<m 

0,018 
0.010 





Material less than 0.25 mm. hydraulic value Hilgard separates into 
two portions by subsidence. The material remaining in suspension 
after subsidence for twenty-four hours in a column of water 20 cm. 
in height he terms " clay." The remainder of the material is termed 
" flue silt." This clay is precipitated by adding 50 cc. of saturated 
solntion of sodium chloride to each liter of clay water, the precipita- 
tion being accelerated by warming. The precipitated clay is collected 
in a filter, washed with weak brine, dried at 100° C, and weighed. It 
is again placed in the funnel, washed with a weak solution of ammo- 
nium chloride until the so<llum chloride is removed, the filtrate evap- 
orated, and the residue ignited and weighed. Its weight deducted 
from the total weight gives the amount of clay. 

OSBORNE'S BEAKEB METHOD. 

Osborne" in n-^ing the method of Moore,* in which the soil particles 
were allowed to settle in a cylindrical column of water for a given 
interval of time, found that the separations could be made more sim- 
ply and easily by systematically repeated decantations from beakers. 



"Annoallteport.Conn, Agr. Bxpt.Sta., 1886, p. 141; 
''Tenth XT. S. Cwiaue, vol. 3, pp. 872-ti73. 
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the resalts being controlled by microscopic measurements. Osborne 
expresses the fandamental principles of his method as follows: 

Make the duration of the subsidences ancb that the liqnid decanted the Srst few 
times shall contain nothing larger than the desired diameter. Then decant into 
another vessel, timing the subsidence so that the sediment shall contain nothing 
smaller than the chosen diameter. This can not be done without decanting much 
that is larger than the chosen diameter, but the greater part of the particles 
greater and less than the chosen diameter can be removed and an intermediate 
prodnct obtained, the diameters of whose particles are not verjr far from that 
desired. 

The reason for first removing the greater part of the coarse particles lies in the 
fact that as they rapidly subside they drag down with them mnch of the fine 
material and render it difficult to effect a sharp separation in their presence^ If, 
then, we bear in mind the general principle that repeated subsidences and decan- 
tations properly timed will gradually remove the fine particles from the coarse, 
and also the fact that the removal of the particles much above and much below 
the limits of any desired grade greatly facilitates the separation of that grade, 
therewillbeno difliculty in obtaining satisfactory results after a little practice. 

Osborne " recommends ammonium nitrate as a precipitant in deter- 
mining the clay. By bringing the clay to dryness in a platinum dish 
and treating several times with hot water the salt can be largely 
removed before ignition. The clay remains in the bottom of the dish 
and the salt solution can be drawn oft with a pipette. This avoids 
til© snapping which otherwise is liable to occur during ignition. 
Ammonium nitrate is preferred to ammonium chloride, as there is no 
danger of loss of iron due to the formation of the volatile ferric 
chloride. 

The Osborne method was employed in the earlier work of the Divi- 
sion of Soils.* The clay was not precipitated, the determination 
being made by evaporating an aliquot part of the clay water. Floe- 
culation was prevented either by the addition of a few drops of 
ammonia or by vigorously stirring the solution with an egg beater. 

KINO'S A8PIEAT0B METHOD. 

King' states that the results of mechanical soil analysis, as ordi- 
narilj' expressed, do not furnish a basis for determining either the 
water capacity of the soil or the rate at which water and air may 
move through the soil. He has accordingly formnlated a method for 
determining the "effective diameter" of the soil particles. In this 
method istalcen intoconsiderationthegroupingof the soil grains, upon 
which the rat« of percolation and water-holding capacity of the soil 
depends. The procedure consists in determining the rate at which air 
passes through a column of air-dried soil of a given cross section and 

n Annual Report, Conn. Sta., 1898, p. 156. 
" Bulletin No. 4, Division of Soils, 1896. 

•^Fifteenth Annual Report, Wisconsin Gxpt. Sta., 18ST, p. 123; Nineteenth 
Annual Report, U. S. Geological Survey, Pt. II, 1897-98, pp. 09-394. 
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height under stattdard conditions of temperatare and pressure. The 
apparatus used is shown diagrammatically in figure 4. A is the aspi- 
rator from which an air tube leads to the chamber O. The soil tube 
D having a capacity of 100 or 200 oo. and provided with a wire gauze 



Ilg. i.— King's aapirator (or deteriDining the "effective diameter" of soil partio lea. 

bottom, is filled with air-dried soil and eonnpcted to C. The cord 
lifting the aspirator bell passes over a pulley to which an air meter is 
geared, a suitable weight being attached to the other end of the cord. 
An inclined water pressure gauge capable of being read to tenths of a 
niiUimeter is also connected to the air chamber. 
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The preliminary preparation of the soil, if the object of the deter- 
mination is to obtain the effect of the soil in its most finely divided 
condition, consists in pestling the air-dried sample in a mortar with a 
rubber-tipped pestle. Another preliminary treatment is ^ven when 
the investigation of the "normal crumb structure" of the soil is 
desired. 

Iq filling the tube, a solid cap is screwed on in place of the wire 
gauze. The sample is introduced in small lots of from 3 to 5 cc. and 
tapped with a flat-faced pestle until the tube is level full. The 
tube is then held rigidly against the table and jarred by repeated 
light blows, as long as any settling can be produced, the tube being 
kept full as the settling progresses. I'he object is to secure the clos- 
est possible packing. Violent jarring or failure to press the tube 
firmly on the table while packing will loosen the soil. 

King expresses his results in terms of the " effective diameter" of 
the soil giains; that is, the diameter of the grains in a soil composed 
of spherical particles of uniform size, which, when arranged in the 
most compact manner possible, have the same permeability as the 
soil under investigation. In obtaining this diameter, the following 
formula, due to Slichter," is used : 

(I=diaiQeter of grain in cm. 
h=length of aand colnmn in cm. 
s^area of cross section of sand colnmn in sq. cm. 
i)=pressTire in cm. of water at 30° C. ' 

(—time in sec. for 5,000 cc. of air to flow throngh at a temperature of 20° C. 
The value of ft is determined from the following table, being dependent npon 
the pore apace, which must be meaanred independently. 

ofjiore Log. k. ofpore Log, k. 



36 


1,9258 


37 


1,4178 


37 


1,86B5 


88 


1.3816 




1,8195 


39 


1,3445 


SB 


1,7701 


40 


1.3078 


80 


1,719B 


41 


1,2725 


SI 


1.6733 


43 


1,3374 


33 


1,6277 


43 


1,3034 


38 


1,5847 


44 


1,1690 


S4 


1,5409 


45 


1,1370 


SB 


1,4999 


46 


1.1058 


36 


1,4592 


47 


1.0729 


YODER'S CENTRIFUQA'L 


ELUT 


RIATOB 



Yoder* has recently combined the fundamental principles of the 
centrifugal and elutrlator methods in an apparatus which he calls the 

^Nineteenth Annual Report U. 8. Geological Snrvey, Pt. H. 1897^1898, pp- 
301-384; Water Supply and Irrigation Papers, No. 67, U. 8. Geological Survey, 1»0S. 
^Bulletin No. 89 of the Utah Exp. Sta. , 1904. 
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"centrifugal elutriator." The method is essentially an eltitriator 
method, in which the particles are acted upon by a force luach greater 
than that due to gravitation; consequently in removing particles of 
any given size a velocity of the water column may be employed much 
larger than would be possible in an elutriator method operating under 
the action of gravity. 
The centrifugal machine used by Yoder is shown with the elutriator 




bottle in position in flgnre 6, In figure 6 a lougitndinal section of the 
elntriator bottle is shown. This bottle is so designed that in the portion 
in which the separation is effected the velocity of the water column 
and the centrifugal force decrease in the same ratio, as the axis of the 
machine is approached. A suspended particle is consequently sub- 
jected to a uniform force while in this portion of the bottle. 
It was not found practicable to stir the sediment in the bottom of 




Fig.a.-Centri(ugalelutriaturbotUe;loQsitadliial 



the bottle by the inflowing current of water, consequently the mate- 
rial to be separated is gradually introduced into the machine sus- 
pended in a stream of water. The centrifugal elutriator is used only 
'D separating particles less than 0.03 mm. in diameter, this finer 
material being first separated from the rest of the sample by a gravity 
elntriator. The water containing tbls fine material in suspension is 
fun at a uniform rate through the machine, being introduced into the 
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lK>ttle through the funnel F, the axis of which coincides with the axis 
of the centrifugal machine, and coming out at the opening T, where 
it ia caught by the spray collector shown in the upper part of figure 6. 
The aize of the particles which pass out of the machine suspended in 
the water depends both upon the velocity of the stream of water and 
npon the speed of the machine. 

A uniform flow of water containing the suspended material is 
secured in the following manner: The water containing the suspended 
material is placed in a fnunel closed at the top, from which it flows 
into the machine as faat as air is admitted into the funnel. The air 
comes from a large closed bottle serving as an air chamber, into which 
the water flows from a Mariotte apparatus, placed above, through a 
graduated valve that can be regulated at will. 

The machine is flrst operated at such a speed that all particles 
lai^r than the superior limit of the group containing the finest mate- 
rial are precipitated to the bottom of the elutriator bottle. During 
this process some of the finest material is also carried down with some 
of the largest particles. The machine is then stopped, the material 
in the bottom of the centrifugal bottle again suspended in water, and 
the operation repeated with the machine running at such a speed that 
the soil grains belonging to the group of coarsest particles will alone 
be precipitated. This process is continued until a sharp separation is 
obtained. The same procedure is followed for the other separations. 
The material remaining in suspension at the end of the final separa- 
tion is precipitated by the addition of a solution of sodium chloride, 
the amount of salt in the sediment being determined volumetrically 
by titration with silver nitrate. 

VARIOUS SYSTEMS OF QROUPING BHPLOYBD IN MECHANICAL ANALYSIS. 

Sevural different systems of grouping the soil particles in a mechan- 
ical analysis have been adopted in the United States. Professor 
Whitney," in the o'arly work of the Division of Soils, adopted the 
grouping of Osborne, but extended it by dividing several of the groups 
into two parts. This plan has been followed in the later work of the 
Bureau, with the exception that the two silt groups have been com- 
bined, as the advantage of this division in soil classification did not 
subsequently appear to be sufficient to justify the additional work 
required for the separation. Hopkins* has proposed a system of 
grouping in which, with the exception of the clay group, the superior 
limit of each group is \/10 times that of the inferior limit. Hilgard's 
grouping with the elutriator has already been given. The four sys- 

"Bnlletin No. 4, Diviaion of Soils, U. S. Dept. of Agr., 1896. 

I" Proceedings Fifteenth Annual Convention, Association of Official Agricnl- 
tnral Gbemiats, Bolletm No. 56, Division Qf <;ni9mistry, U. S. Dept. of Agr., ISK, 
pM. ... 
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terns which have l^-en iise<l most extensively in Ihe United States, 
namely, the Hilgard, the Osborne, the ilureau of Soils, and the Hop- 
kins systems, are given below in tabulated form for the purpose of 
comparison : 

Table VIII. — Sffitemii nf ^irouping eniplojifil lii nipphimiail analysis. 

Number nt 



Hllnrd. 


,»„„., 


Bu 


^X" 


HopkiDB. ; 


mm. 
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'["■■ 


j '■*■ 


.3 


.« 




.K 




.16 
.047 


,.;'" 




.,;" 


i z 


.m 



























The numbers given in the table represent the diametei-s of the parti- 
cles forming the limits of adjacent groups. Ililpard's system contains 
thirteen groups, while the other systems have seven, In our opinion 
Ililgard carries his subdivision rather too far to make the system a 
practical one for soil classification. Even seven groups become rath<'r 
cumbersome in comparing the composition of a number of samples. 
It will l)e noted that Hopkins sei>aratc8 the niat<!rial below 0.1 mm. 
diameter into five groups, while the Bureau of Soils divides this mate- 
rial into three groups. The greater number of divisions in the finer 
material greatly increases the labor of a mechanical analysis, and the 
separation of particles as small as 0.001 mm. is attended by consider- 
able uncertainty. We have concluded from a determination of the 
amount of clay le.ss than 0.(101 mm. in diameter in a number of soils 
that the advantages to be gained by such a division do not in general 
compensate for the additional labor involved. Occasionally the more 
detailed analysis is made of a sample which exhibits peculiar proper- 
ties. The advisability of dividing the clay group may, however, fairly 
be considered an open question, and should be made a subject of fur- 
ther investigation. 

DETEBHINATION OF OBGANIC UTATTEB. 

Certain physical properties of soils are influenced by the amount of 
organic matter present, and a method for its accurate determination 
is consequently of importance. 

In the earlier work of the Bureau the amount of organic matter in 



34 



CENTRIFUGAL METHOD OF SOIL ANALYSIS. 



a soil was determiued from the loss on ignition. Tliis raetliod j^ave 
erroneous results in the case of many soils, water also being driven 
off at the high temperatures necessary to effect the complete eombua- 
tion of the organic matter. The ignition method has consequently 
been supei'seded by the chromic-acid method, which is not influenced 
by the amount of combined water in the soil. The following descrip- 
tion of this method is taken from s paper by Cameron and Brezeale," 
of the chemical laboratory of this Bureau, to whom we are also 
indebted for a description of some modifications in the procedure 
made since their paper was published. 

THE CHROMIC-ACID METHOD OP DETERMINING ORGANIC MATTER. 

The combustion is effected in a round-bottomed flaak F, figure 7, 
of about 400 cc. capacity, fitted with a three-hole rubber stopper. 




The stopper is fitted with a dropping funnel, a tube for the introduc- 
tion of air previously freed from carbon dioxide by bubbling through 
a solution of potassium hydrate in the flask G, and a tube leading 
through a condenser to a train of absorption bulbs. This train con- 
tains, first, a Peligot tube A, containing a saturated and slightly 
acidified solution of silver sulphate to absorb both hydrochloric acid 
and sulphur trioxide or dioxide should they be generated; then a 
guard tube B, containing concentrated sulphuric acid, followed by a 
potash bulb C, and an acid bulb D, to be weighed with the potash 
bulb. An acid guard bulb E completes the train. The whole appa- 
ratus is attached to an aspirator, so that air free from carbon dioxide 
can be drawn through the combustion fiask and train. The procedure 
is as follows : 

"A sample of Ihe soil, usually alK)ut 10 grams, is carefully weighed 

"Jonrn. Am. Cliem. Soc,, 28, 39, 1903. 
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and brought into the combustion flask. If the SBinpIe be rich in 
oi^anic matter, it has been fountl advisable t^ introduce also some 
sand, previously ig:nited beifore the blast, and in an amount dependent , 
roDghly upon the apparent quantity of organic matter in tht; soil. 
From 5 to 10 grams of pulverized potassium bichromate are then 
added, and the whole mixed thoroughly by shaking, care being taken 
to prevent any of the mixture adhering to the Bides of the llask above 
the level of the mixture. The flask is closed securely by the stopper, 
and a gentle stream of air drawn tbrongh the whole apparatus by 
means of the aspirator. When this stream of air has been passing 
for about ten minutes, concentrated sulphuric acid (sp. gr. about 
1.83) is slowly and cautiously run in by means of the dropping funnel 
until the tip of the glass tub© for the introduction of air is covered. 
When this point has been reached, and if no very vigorous action is 
taking place, the combination flask is slowly heated until the sul- 
phuric acid commences to give off fumes. It is held at this tempera- 
ture for from five to ten minutes, and then allowed to cool slowly, 
unless there is reason to believe combustion has not been complet«, 
in which case the temperature is again raised. Care must be exer- 
cised to see that a steady current of air be kept passing through the 
apparatus, and that the mixture in the flask he not forced back toward 
the wash bottles. If neces.sary, quite a rapid stream can be drawn 
through the absorption bulbs without much risk of losing the deter- 
mination. It is advisable to have the bulb of the dropping funnel 
empty before commencing the heating, so that the tube can be quickly 
opened. In over 400 experiments with this method the flask broke 
but once, and then the dropping funnel could not l>e opened because 
it contained a quantity of sulphuric acid. A sudden lat^e increase 
of pressure was generated in the flask, owing to faulty manipulation. 
The dangerous character of such an accident is suflBeiently obvious, 
but with ordinary care liability of its occurrence is extremely small." 

MODIFICATIONS FOR SOILS CONTAINING CHLORIDES AND CARBOXATES. 

"In many soils from arid, semiarid, or marshy areas, there is a con- 
siderable content of chlorides. By following the procedure just 
described with these soils, chlorine gas may be generated, which would 
be collected in the potash bulbs, forming a mixture of the chloride 
and hypochlorite in proportions difficult to estimate accurately, and 
vitiating any attempt to determine the amounts of carbon dioxide 
absorbed. We have made a number of attempts to get around this 
difficulty, and have found that it can be met quite .simply. If the 
bichromateof potash be not mixed with the sample before running in 
the concentrated sulphuric acid, but be dissolved in the acid itself 
and the solution be slowly and cautiously run in upon the soil, with 
no attempt to heat the mixture until the reaction in the flask has pi-o- 
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ceeded for some time, no hydrochloric acid, chlorine, nor chromjl 
chloride gas is generated, or in but very small amounts. The pro- 
cedure thus modifted has been used a large number of times with 
artificial mixtures and uatural soils, and has proved satisfactory, 
although no explanation is obvious why hydrochloric acid should not 
be formed and oxidized under these conditions. We can only say 
that, although we discovered the fact empiricallj', we have thoroughly 
tested it with the most gratifying results for the method. 

"When the amount of chlorides is relatively large, it has sometimes 
' Iwen found desirable to treat the sample with a small volume of dilute 
sulphuric acid, adding more acid in small quantities from time to 
time, if necessary, to digest on the steam bath until the major part of 
the hjdi-ochloric acid has been i-emoved, and to evaporate as much of 
the water remaining as can be done without permitting a noticeable 
action of the solution upon the organic matter. The combustion is 
then carried out as above described. 

"With soils which contain carbonates of the alkalies or alkaline 
earths, it would probably be found satisfactory first to treat with sul- 
phurous acid to decompose the carbonates, and drive out the carbon 
dioxide, without o.\idizing the organic matter and then to gut rid of 
the water and 8ul{)hurous acid by evaporating to dryness before pro- 
ceeding with combustion. 

"This method presents, however, a number of difficult manipula- 
tions, and requires a great deal of time. It has been found, in the 
experience of this laboratorj', much more convenient to make a sepa- 
rate determination of the carbon dioxide liberated from carbonates, by 
treating a separate sample of the soil with dilute sulphuric acid (1;6 
by volume), and subtracting the amount thus found from the total 
obtained in the combustion. While this method is not entirely free 
from objections for very accurate work, it does unquestionably lead to 
values with all the accuracy necessary for most purposes to which the 
determination of the organic matter in a soil is applicable." 

COMPARISON OF RESULTS OF VARIOUS METHODS OF DETERMINING 
ORGANIC MATTER. 

Cameron and IJreazealc have made a comparison of various methods 
used in determining organic matter, the results of which are given in 
Table IX. 
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E IX.—Comparigan of organic matter, bumvg. atid Iom on ignition. 
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Six samples of soils were investigated, the first, third, and fifth 
samples being surface soils, and the remaining samples the corre- 
sponding subsoils. 

The results given iu the several columns of Table IX were obtained 
as follows : The soils ia column 2 were brought to a red heat in a 
muffle furnace, after which the samples were moistened, treated with 
carhondioxide underpressure, dried at 110°, andweijrhed; in column 8 
the ofBcial method of the Association of Official Agricultural Chemists 
was used ; iu column 4 the ammonia<;al solution obtained by the official 
method was first filtered through the Chamberland-Paateur filter tube 
to remove the suspended clay; in column 5 the amount of COj formed 
in burning the soil in a tube in a combustion furnace was determined; 
in column 6 the chromic acid method described above was employed. 

It will be noted that the chromic acid method gives results which 
agree fairly well with, those obtained by combustion in a tube, 
although the dry combustion method gives higher results in every 
ease. This difference is ascribed by Cameron and Breazeale to carbon 
dioxide held in the soil either in chemical combination or occluded 
mechanically. 

In determining the percentage of organic matter in the soil from 
the percentage of carbon dioxide found it is of course necessary to use 
a conversion factor, which, multiplied by the weight of CO^, gives the 
weight of organic matter. The factor generally used for this purpose 
is 0.471, based upon Wollny's investigation of the percentage of car- 
l»n in the humus of the soil. This subject was further investigated 
hy Cameron and Breazeale, who found from an examination of 19 
soils that the percentage of carbon in the organic matter present 
iiveraged about 42 per cent, instead of 56 per cent, the figure accepted 
hy Wollny, Wolff, van Bemmeleu, and others. Wiley" states that 
this percentage may vary from 42 to 72 per cent. While Cameron 
and Breazeale's determinations vary fi-oin 33 to 50 per cent, they have 

"Wiley's Agricultural Analysis, vol. 1, contains a very complete historical 
Kcount of this subject. 
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recommended that the factor 0.471 be retained, with the understand- 
ing that it is a conventional factor, and that consequently a deter- 
mination of the or^nic matter in a soil by its use must be regarded as 
only an approximation to the truth by a purely conventional method. 
The amount of oi^auic matter in a soil may quickly be calculated 
from the weight of carbon dioxide liberated by the use of the follo*?- 
ing table, for which we are indebted to J. Q. Smith, of the chemioal 
laboratorj' of this Bureau. The table is calculated on the basis of the 
van Bemmelen factor (0.471) and on the supposition that a o-gram 
sample of soil is used in the determination. If 10 grams of soil are 
used, divide the percentage in the table by 2. For a 1-gram sample, 
multiply the percentage by 5: 



Table of percentages of organic matter correspondin 
in 5 grama of soil. 
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U. S. Department op Agriculture, 
Bureau of Soils, Physical LABOBATOHr, 

Washington, D. C. , Nbvemher 8, 190^ 
Sir: I respectfully submit herewith the manuscript of a technical 
bulletin, entitled "Contributions to our Knowledge of the Aeration of 
' Soils," prepared by Dr. Edgar Buckingham, of this Laboratory. 

This paper presents for the first time definite information regard- 
ing the rate at which a gas escapes by diffusion from the soil into the 
atmosphere, or vice versa. It is shown that the rate of diffusion varies 
approximately as the square of the porosity of the soil, and that this 
diffusion follows the laws for the free diffusion of gaaes. It thus 
becomes possible to calculate the rate of aeration in any particular soil 
from results obtained in experiments on free diffusion. Tables are 
given showing the rate of escape {and consequently, for a condition of 
equilibrium, the rate of formation as well) of carbon dioxide in the 
soil when the porosity of the soil and the concentration of the car- 
bon dioxide at any given depth are known, The paper shows further 
that the aeration of soils is almost entirely due to diffusion phe- 
nomena, 'changes in barometric pressure having very little influence 
in comparison. 

Respectfully, Lyman J. Briggs, 

Physicist in Charge. 
Prof. Milton Whitney, 

Chief of Bureav. 
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CONTRIBUTIONS TO OUR KNOWLEDGE OF THE 
AERATION OF SOILS. 



INTRODUCTION. 

The object of this paper is to add to our infoimation regarding the 
aeration of soils, primarily the escape of carbonic acid gss from its 
seat of formation in the soil, and the entrance of oxygen to take its 
place. The specific points treated are: (I) The relative importance 
of diffusion and of changes in barometric pressure; (2) the influence 
of texture, structure," and compactness; (3) the actual amounts of 
carbonic acid leaving and of oxygen entering the soil under definite 
conditions of- temperature, porosity, and composition of the soil 
atmosphere. 

The experimental work deals (1) with the mixing of carbonic acid 
and air by diffusion through layers of soil of known area, thickness, 
and porosity when the total pressure is kept the same on both sides 
of the soil layer, and (2) with the rate of flow of air through the same 
layer of soil in precisely the same physical state under the influence 
of a slight excess of pressure on one side of the layer. This flow of 
air under pressure is similar to the flow or "transpiration" of air 
through capillary tubes. It will therefore, for brevity, be referred 
to as transpiration. 

The soils used were of several types, each in various states of coni' 
pactness, etc., and while the experimental results are few, because 
of the great time expended in searching for suitable methods of experi- 
ment and by the actual measurements even after fairly satisfactory 
methods had been devised, it is believed that the results are sufficient 
to warrant some general conclusions. 

The theoretical deductions from the experimental results have been 
kept as far as possible in non-mathematical form, Some of the math- 
ematical work which was necessary in arriving at the conclusions will 
be found outlined in two appendices. 

"The term "Btrncture" is, for brevity, used with the nieanit^ "state o£ granula- 
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8 AERATION OIT SOILS. 

frelhonart exfebihehtb. j 

TRANSPIEATION. 

The first experimental work done was on transpiration. The method 
used was to observe the rate of fall of the pressure of the drj air in a 
14-liter botde, as the air escaped through a column of soil of some 
20 cm. to 60 cm. in length, contained in a glass tube of from 3 cm. to 
i cm. inside diameter. The soil tube was placed vertically, with ll:c 
soil resting on a piece of fine brass wire gauze supported from below. 
The pressures were read on a sulphuric acid gauge. 

The results of theae experiments showed (1) that the rate of tran.;- 
piration was very nearly proportional to the fall of pressure per cor- 
timeter of soil, i. e., to the pressure gradient; and (2) that the rate of 
transpiration through a given soil was very greatly dependent upon 
the structure and the manner of packing. 

Great difficulty was experienced from adiabatic heating and cooling, 
and the method was abandoned in favor of a much simpler one like 
that used by King" in which air was drawn through the soil by a small 
tank aspirator, while the excess of pressure was measured by a small 
inclined water gauge. 

DIFFUSION, 

As in the case of transpiration, the methods firet tried were much 
less simple in theory than that finally adopted. In the first experimenfas 
a plug of soil was supported on wire gauze in a wide glass tube. Below 
the soil was a layer of coarse sand wet with an alkaline solution of pyro- 
gallol. The upper end of the tube was connected with a gas burette 
for measuring changes of volume at constant pressure, while the lower 
end was closed air-tight. Time readings were made of the decrease 
of volume of the air inclosed in the tube and burette as the oxygen 
passed through the soil plug and was absorbed by the pyrogallol. 
The observations, while simple and regular enough when plotted 
graphically, did not admit of any simple reduction leading to the 
desired information, and only a few experiments of this sort were 
made. 

An attempt was also made to use Bunsen's method for the diffusion 
of gases through a porous plug. A wide glass tube was stopped at 
the top by a plug of the 3oil to be studied. The bottom of the tube 
was provided with a water pressure-gauge and with tubes by which 
the lai^e glass tube could be filled with carbonic acid. In such an 
experiment as this, if the plug separating the inclosed carbonic acid 
from the outside air be sufficiently fine grained, the air entering the 
tube faster than the carbonic acid escapes causes a rise of pressure. 

"Nineteenth Annual Report, U. S. Geol<^cal Survey, Part II, 1899. 
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In the present case, however, the ease of transpiration through the 
plug of soil was so great that no measurable increase of pressure was 
observed inside the tube, so that the method was useless. 

These two methods having been found impracticable, an attempt was 
made to run streams of carbonic acid and air across the ends of a plug 
of soil, keeping the pressure on the two ends precisely the same so as 
to eliminate transpiration. Analyses of the gases before and after 
passing by the soil, together with measurements of the rates of flow, 
were expected to show how fast the gases bad mixed by pure diffusion 
through the given layer of soil. After many trials and modifications 
of the apparatus, this method was, in principle, the one finally adopted 
as the least unsatisfactory yet found, and by it were obtaiaed the 
results on diffusion to be given later. 

HBTHOD FINAIXT AIWPTED— APPABATUS. 

It had been shown by the preliminary experiments on transpiration 
that even a slight jarring might cause a very large change in the speed 
of transpiration of air through a soil. Hence, as it was hoped to find 
some relations bet^veen transpiration, diffusion, and porosity, it was 
necessary to be able to make both the transpiration and the diffusion 
experiments without disturbing the soil in the least. This end was 
attained by the use of the following apparatus: 

THE SOIL CASE. 

The soil was inclosed in a rectangular brass box or soil case 8 inches 
long, 2i inches wide, and 4 inches high inside. The top and bottom 
of the box were flanged, and could be closed gas-tight by covers 
screwed down on rubber packing. In the bottom of the box was a 
gridiron frame about 2 cm. high of thin sheet brass set on edge, and 
resting on this was a piece of galvanized-iron wire net of ^-inch mesh. 
Over the net was a piece of cheese cloth, and on the cloth rested the 
soil. The gridiron frame fitted loosely into the box, and was cut out 
so as to allow free communication throughout the space between the 
bottom of the soil case and the bottom of the soil. Close to each of the 
eight corners of the box was soldered on a short piece of brass tube of 
. i-inch internal diameter, by means of which connections could be made 
with the rest of the apparatus. When all these tubes were closed the 
soil was shut up air-tight and could be left standing without fear of its 
gaining or losing moisture. By removing the top cover the soil could 
be compressed or wet without disturbing any of the connections. 
When a new soil was to be used, the rubber tubes leading to the other 
parts of the apparatus were disconnected from the soil case, and the 
case opened and cleaned before the new soil was introduced^ 
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TBE PRESSURE-GAUGE. 

For both transpiration and diffusion experiments it was necessary 
to have a gauge connected with the soil case above and below the soil. 
The gauge consisted of a bent glass tube of about 4 mm, inside diam- 
eter, with its parallel arms about 8 mm. apart from center to center. 
This tube was clamped on a brass frame provided with leveling screws 
so that its position could be adjusted. The slope of the gauge was 
always about 1 in 10. Under the tube was a paper scale divided to 
twentieths of an inch. The scale was no wider than necessary, and 
was shellacked on a strip of mirror about an inch wide which helped 
the observer to avoid parallax errors in I'eading. The mirror and 
scale lay between the brass frame and the tube. The tube was partly 
filled with water. If it was clean, and if care was taken always to 
have the tube wet above the meniscus in both arms, it was very sensi- 
tive to differences of pressure between the two arms. With a slope 
of 1 in 10, a difference of one scale division between the two arms 
meant a difference in pressure of 0.0093 mm. of mercury. Readings 
could easily be made to less than half this amount. Before using the 
gauge in any experiment it was always adjusted by the leveling screws 
so that the meniscus in each arm gave the same reading. One arm of 
this gauge was connected to the soil case below the soil, and the other 
above it, and by its aid the difference of pressure above and below the 
soil could be determined. Each arm of the gauge was so connected 
that it could be shut off from the soil case and opened to the outside 
air for adjusting the zero. 

THE ASPIRATOR. 

For the measurements on transpiration an aspirator was used. This 
consisted of a sheet-copper can about 8 inches in diameter and 9 inches 
high, inverted over water in another copper can 94 inches in diameter. 
The suction tube and an exti-a discharge tube came up through the 
bottom of the outer or fixed can. The inner can had a brass st«m 16 
inches long rising from the middle of the top, and running loosely 
through a brass guide. The whole was suspended by a fine brass 
wire attached to the top of the stem and running over an 8-inch 
grooved wooden pulley to a weight. The weight could be varied by 
adding or taking off smaller lead weights, and so the suction of the 
aspirator varied within the desired limits. The volume of the can 
was found by calibrating with water. A vertical scale divided into 
twentieths of an inch was attached to the top of the movable can by a 
horizontal arm, so that it played up and down past an index outside 
the fixed can as the aspimtor drew in oi- drove out air. The volumes 
of air drawn in could thus be found from the rise of the can as shown 
by the changes in position of the scale with regard to the fixed index. 
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The aspirator was so connected to the soil case that by changing a 
couple of pinchcocks it could be made to suck gas from either above 
or below the soil, or be cut off altt^ther. 

THE OAS-PRE8SCRE REGULATORS. 

For the diffusion experiments it was necessary to haye, passing by 
the top and bottom of the soil, a stream of air and a stream of car- 
bonic acid under as nearly equal pressures as possible. The »ir was 
supplied by a Chapman pump drawing air f lom outside the window 
und blowing it into a bottle, whence it passed to the rest of the appa- 
ratus. The carbonic acid was drawn from a cylinder of commercial 
gas as supplied for soda fountains and other similar purposes. From 
the valve on this cylinder, which lay horizontally, the gas passed 
immediately to a regulator made of a bicycle pump. This was so 
arranged as to be capable of moving a bar fixed to the stem of the 
valve on the storage cylinder. If the pressure in the regulator cylin- 
der rose too high its piston was driven up and the valve screwed shut. 
When the pressure fell off again, weights hung on the piston rod 
opened the valve. After passing through this regulator the gas bub- 
bled through wat«r, passed through a safety-valve arrangement, made 
of a 2-liter bottle, which permitted the gas to blow off out the window 
when the pressure rose above a certain head of water, and so on to the 
rest of the apparatus. 

So far the two streams of gas were by no means of constant or 
equal pressure— the air because of changes in the water pressure oper- 
ating the pump, and the carbonic acid because of the imperfect action 
of the regulator just described. The ineqiialities of the pressures of 
the two gases were next reduced by passing them through a duplex 
gasometer pressure regulator. Two copper cans, 4i inches in diame- 
ter and 3i inches deep, were attached, bottom up, with their centers 
li inches apart, to a wooden beam balanced in the middle on a steel 
knife-edge. The cans could thus oscillate up and down over water in 
two other cans below them. The stream of aii- was led, by tubes 
coming up through the Iwttom of one of the fixed cans, through the 
movahle can over it, while the oarlwnic acid was led through the other 
can in the same way. Each gas came to its can through a piece of 
■^-inch thin-walled black rubber tubing. These thin rubber tubes 
were compressed between lixed brass surfaces and brass edges lixed 
to the beam. If the air pressure, for example, l>ecame too great, the 
air can rose and the rubber tube bringing the air was comprestied, 
while that bringing the carbonic acid was allowed to open by an equiv- 
alent amount. 

When the gases were running through this regulator the beam was 
in a state of constant oscillation through a very small range; and 
though it was not, in principle, capable of giving perfect regulation, 
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because of the elasticity of the rubber tubes, it usually kept the pres- 
sures of the emerging streams of gas equal within somewhat less thau 
half a millimeter of mercury. 

From this automatic regulator the gases were led through rubber 
tubes to the soil case, but oo the way they passed through a third and 
final ragulator. This was a sort of pinchcock with a lever compressor 
worked by a large milled head. By turniag this head in one direction 
the air tube was closed while the carbonic-acid tube was opened, and 
vice versa. During an experiment on diffusion the observer kept one 
hand on this pinchcock, and, with his eye ou the gauge, could easily 
keep the readings in the two aims of the gauge within one scale 
division, or lees than 0.01 mm. of mercury. The averse difference 
of pressure indicated by the gauge was probably in general not over 
0.002 mm. of mercury in any one experiment, and was as likely to be 
in one direction as in the other. 

THE COLLECTINO APPARATUS. 

The two gases having thus arrived at the soil case, passed, the one 
diagonally over the top of the laj'er of soil and the other diagonally 
under the bottom, along different diagonals. After issuing from the 
soil case they bubbled out under water through glass tubes of about 
3 mm. bore, at a depth of three-fourths inch below the surface of the 
water, and were collected when desired in two inverted half-liter 
bottles. The water was, of course, in separate tanks, and the collect- 
ing bottles were so mounted on a slide that by a single motion of the 
hand both of them could be slid over the discharge tulies or withdrawn. 

After collection the gases were transferred to a Hempel gas 
burette, and the percent^e of carbonic acid determined by absorption 
in caustic potash. The burette was jacketed with flowing tap water 
and the analyses were corrected for pressure and temperature. 

Beside the paths for the gases through the soil case, there were two 
by-passes by which the gases could be led to the collection tanks 
through all the apparatus except the soil case. In this way the 
composition of the two streams of gas, at least as regards carbonic 
acid, could be determined before they entered the soil case. It was 
found that the amount of carbonic acid in the air was negligible, and 
in the later work no more tests were made on it. The composition of 
the carbonic acid from the stor^re cylinder was found to vary con- 
siderably. The amount of gas absorbable by a concentrated KOH 
solution varied from 97,3 per cent to 98.5 per cent in the case of the 
first cylinder used and from 95 per cent to 97.5 per cent with a second 
cylinder. If the cylinder was undisturbed, the change in the analyses 
indicated a slight regular decrease in the amount of impurity coming 
from the cylinder with the carbonic acid, hence it was found necessary 
to make analyses only occasionally. 
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In starting a. set of experimeDts on a given soil the soil case was 
disconnected from the rest of the apparatus, opened, emptied, and 
cleaned. The wire gi-atin^ and cheese cloth were placed on the grid- 
iron, and the case was then ready for the soil. This was first broken 
up tine in a mill. If it was to be used air-dry, it was then, after thor- 
ough mixing, put directly into the soil case. If the soil was to be 
used moist it was worked up by hand with the desired amount of 
waf«r and mixed very thoroughly. The soil case was then filled to 
within a half an inch of the top, and the cover laid on. Meanwhile a 
sample of 100 to 200 grams had been weighed out for the moisture 
determination. This sample was later, whenever convenient, dried at 
110° C for at least six hours and weighed again to complete the mois- 
ture determination. Before screwing down the top of the soil case 
the soil was smoothed off and pressed down lightly with a wooden 
block which fitted loosely into the case. The depth to the surface of 
the soil was found by drawing a line around this block with a sharp 
pencil. The mean distance of this line from the lower face of the 
block subtracted from the mean distance from the upper edge of the 
case to the cheese cloth gave the mean thickness of the soil. The line 
having been drawn on the block, the soil case was closed, weighed, 
and connected to the rest of the apparatus. 

The first experiment was always one on transpiration. Four or five 
liters of outside air were, by opening and closing the proper pinch- 
cocks, drawn through the soil into the aspirator, and the elapsed time 
noted. The gauge readings and the temperature of the room were 
' noted meanwhile at frequent inter\'als. If the transpiration was very 
rapid a stop watch was used, but generally an ordinary wateh with 
seconds hand was amply sufficient. The difference of pressure used 
varied from 9 mm. of mercury to 0,5 mm., and was seldom over 5 mm. 
These differences of pressure were small enough that no disturbances 
from adiabatic cooling were to be feared. Numerous tests showed 
that the rate of transpiration was sensibly proportional to the diffei- 
ence of pressure; hence it was not necessary always to use any one 
particular difference, and the weights on the aspirator were adjusted 
in each case so as to give a convenient rate of rise. 

After at least two such experiments the aspirator was cut ofi^, and 
the streams of air and carbonic acid were sent through the soil case. 
The collecting bottles were then filled with water fi-om their respective 
tanks, and set up ready to be slid over the discharge tuf>es. The 
gases were thus sent through the apparatus for from ten to thirty 
minutes to insure thorough rinsing. During the first part of the 
time the pressures were left to the automatic duplex regulator, but 
during the last few minutes the observer kept the pressure adjusted as 
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closely as possible by hand. When the collection was to begin the 
bottles were slid over the discharge tubes and the stop watch started. 
When the bottles were full the watch was stopped; meanwhile the 
pressures had been continually adjusted to an near equality as possible. 
The bottles seldom tilled in just the same time, so that an allowance 
had to be made for the one which filled first, by reading the watch 
before stopping it. The resistances to flow were adjusted from time 
to time by screw pinchcocks between the soil case and the discharge 
tubes, so as to keep the rates of discharge under equal pressures as 
nearly equal as possible, and so avoid large errors in the estimation 
of the time. The time taken to fill the bottles was from twenty sec- 
onds to two minutes. A/t«r the bottles were full of gas they were 
slid away from the discbarge tubes, closed by rubber stoppers, and 
left with their mouths under water in the tanks. The sti'eams of gas 
were then cut off, and all openings into the soil case closed gas-tight. 

For analysis the gas was displaced, by water from its own tank, into 
the gas burette. The water in the burette was also taken from the 
tank over which the gas had been collected. The gas from the car- 
bonic acid side was usually analyzed first. The measurement of vol- 
ume, absorption by caustic potash, etc., were carried out in the usual 
manner. 

After such an experiment, the experiment on transpiration was 
repeated, then again diffusion, etc. In a few cases only one diffusion 
run was made, butgenerally there were at least two; and if the results 
of the first two did not agree fairly well, from one to three more were 
made. In any case transpiration was always alternated with diffusion, 
the set ending with transpiration. 

After a set of experiments had been made in this way the top of the 
soil case was taken off and the soil compressed, tamped, or watered, 
as the case might be, after which the new depth to the soil was meas- 
ured as before, the cover put on, and a new set of experiments begun. 



THE POROSirr. 

By the porosity of the soil we mean that fraction of its total appar- 
ent volume which is unoccupied by either water or solid soil graioB, 
and which is therefore filled with gas. This quantity will be denoted 
by S. For example: 

Let the total apparent volume of the soil be 550 cm'. 

Let the total weight of the moist soil be 770 grams. 

Let its moisture content be 10 per cent of the dry weight. 

Let the true density of the soil grains be 2,67. 
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Then: 

The weight of the dry soil is 770^1.10 or 700 Rrauis. 

The true volume of the dry soil is 700-^2.67 or 262 cm'. 

The volume of the water is 70 cm', so that the total volume 

of soil grains and water is 262+70 or 332 cm'. The free pore 

space is therefore 550—332 or 218 cm', and the porosity is 

218-^550 or 0.396, i. e., we have 5=0.396. 

The determiaatioQ of the porosity depends upon a knowledge of the 

apparent volume of the soil, its moisture content, and the tiiie density 

of the soil grains. It also depends, as we have computed it, upon the 

assumption that the water in the soil actually occupies the same volume 

as an equal ma^s of water would occupy, if in mass instead of spread 

out in thin films over the soil grains, as a considerable part of it is if 

the soil is only moderately moist. 

This assumption is somewhat doubtful. It seems probable that 
water thus spread out in thin films may have a specific volume very 
sensibly different from 1. A considerable error may always occur 
in the gravimetric determination of the moisture content of a soil. 
Furthermore, during the course of a set of experiments, the moistui-e 
content of the soil may vary considerably, the soil drying out during 
the transpiration runs, or gaining moisture by contact with the wet 
gases during the diffusion runs, if it happens to be colder than the 
inflowing gases. For all these reasons the allowance to be made for 
the volume of water in the soil is uncertain, and it was therefore not 
thought necessary to attempt to measure the thickness of the soil layer 
closer than to about one-half millimeter, nor to make accurate deter- 
minations of the true density of the soil .grains. Hence the values to 
be given for the porosity, S, may be in error by several per cent. 
These sources of error might have been partially avoided or allowed 
for by sufBcient care, but the expenditure of time which this would 
have necessitated did not appear warranted by the objects in view, and 
the possibilities of error in the other parts of the work. 

THE TRANSPIRATION CONSTANT, 

The results of the experiments on transpiration are expressed by 
means of the transpiration constant. By this we mean the number of 
cubic centimeters of air which would, in one second, flow through 
1 em* of cross section of a layer of soil 1 cm. thick, if the pressure 
were 1 mm. of mercury greater on one side of the layer than on the 
other. This transpiration constant will be denoted by T, For example: 

Suppose that 3.6 liters of air are drawn by the aspirator through 
a layer of soil 100 cm' in area and 5 cm. thick, in two minutes, by a suc- 
tion of 2 ram. of mercury. The total flow per second is 3600-5-120, or 
30 em' per second. The flow through each square centimeter is 
30-^100 or 0.3 cm' per second. The pressure gradient is 2 mm. in 
II281— No. 25—06 3 
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S cm. or 0.4 mm. per centimeter. Therefore the flow per second 
throuprh each square centimeter for a prradient of 1 mm. per centimeter 
would be 0.3-h0.4 or 0.75 cm', or we have J=0.75. 

According to the work of earlier experimenters, it appears that 
the velocity of transpiration is approximately proportional to the 
seven-tenths power of the reciprocal of the absolute temperature. 
The values of Tvtere therefore reduced to 0^ C. by the formula 

and the values tabulated later are not the values as measured, but 
these reduced values. 

The determination of the transpiration constant depends upon a 
knowledge of the rate of flow, the difference of pressure, and the 
thickness and cross section of the soil. Of these quantities the thick- 
ness of the soil was probably, in genei-al, the most uncertain, and the 
cross section the least so. The rate of flow, depending upon a volume 
which, even if erroneously measured, was always the same except in 
a very few cases, and upon a time which could easily be determined 
within much less than 1 per cent, was the most accurate of the vari- 
able quantities to be measured. The errors in the pressure, due to 
zero errors of the gauge, errors in measuring the slope, and sticking 
of the meniscus in the tube, were not large, as was shown by tbe 
consistency of the results. It is probably safe to estimate the errors 
of the values given for the transpiration constant as not over 1 or 2 
per cent. 

THE DIFFUSION CONSTAKT. 

The results of the experiments on diffusion are expressed by means 
of the diffusion constant. By this we mean the average number of 
cubic centimeters of each of two gases which would, in one second, 
pass in opposite directions through 1 cm' of cross section of a layer 
of soil 1 cm. thick, if the partial pressure of the first gas were 1 mm. 
of mercury greater on one side than on tbe other, and the partial pres- 
sure of the second gas, the same amount greater on the other side than 
on the one, the total pressure being the same on both sides. We sa}' 
the average number of cubic centimeters because it appears that under 
the conditions of our experiments different gases do not diffuse through 
the soil with equal rapidity. This diffusion constant will be denoted 
by D. For example: 

Suppose that with a layer of soil of 100 cm* cross section, and 5 cm. 
thickness, we find that in one second 0,057 cm' of carbonic acid pass 
through to the air side, while 0,083 cm' of air pass through to the 
carbonic acid side, the concentration of each gas having differed by 
10 per cent on the two sides of the soil. The average flow has been 
{0.057+0.083) -^ 2 or 0.070 cm' per second. The mean fiow per square 
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centimeter ia 0.070 -h 100 or 0.0007 cm ' per second. The difference 
of partial pressure is 10 per cent of 760 mm. or 76 mm. , and the gradient 
is therefore 76 mm. in 5 cm. or 15.2 mm. per centimeter. Hence if the 
soil had been 1 cm. thick, and the difference of partial pressure had 
been 1 mm. of mercury, the flow would have been 0.0007 -i- 15.2 or 
O.OOOOWl cm' per centimeter per second. In other words, we have 
in this case, P = 4.61 X 10"°. 

In the determination of the diffusion constant D there are numerous 
sources of error. There is the question of the thickness of the soil, 
though this, being constant for any one set of measurements of i?, 
could not cause differences between values of D which should other- 
wise have been identical. The analyses of the gases are, of course, 
slightly inaccurate, and some error is inti'oduced during the collection 
of the gaaes over water that was not precisely in equilibrium with 
Ihem, hut the possible errors due to these causes are much less than 
the actual differences found between values of the diffusion constant, 
which ought, judging from the conditions, to have been the same. 
The rates of flow, also, could not be determined with any very great 
accuracy. But these errors were probably all of minor importance. 
The main difficulty in the experiments was in keeping the pressures 
equal on the two sides- of the layer of soil. Thb had finally to be 
regulated by hand and the regulation was imperfect, even supposing 
the gauge to work perfectly. For this reason the results of diffusion 
runs, which should have been determined by diffusion alone, were in 
fact always influenced to some extent by transpiration. The magni- 
tude of the errors in the determination of the diffusion constant may 
be estimated from the summary of results which will be given. It is 
impossible to assign any exact limit. 

TRAlf SPIKAmOK OF OABBOHIO AOID. 

Before going on to a general summary of the experimental results, 
it will be well to speak of the results of some experiments on the rela- 
tive velocities of transpiration of air and carbonic acid, the carbonic 
acid being drawn from the cylinder of commercial gas and no cor- 
rections being made for its impurities. Several sets of experiments 
were made by running air and carbonic acid through the soil alter- 
nately and the transpiration velocities for the same pressure gradient 
measured. The results may be stated as follows: 



Soil, 


Vel. CO, 

■?a.Ai; 


M let earden loam mean of 8 run 


IIM 
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18 AERATION OF SOILS. 

The weighted mean of these values is 1.21, or, the carbonic acid 
flowed 1.21 times as fast as air under identical cooditions. 

If the flow of gas through soils is really similar to the transpiration 
of gases through capillary tubes, this ratio of the speeds of flow should 
be the same as the reciprocal of the ratio of the viscosities of the gases 
in question. According to the work of former experimenters, the 
viscosity of air is larger than that of carbonic acid, the values given 
in Winkelnmnn's Handbuch der Physik (1, pp. 694, et seq.), showing 
a ratio of from 1.18 to 1.24. Our value of 1.21 lies between theae 
limits, so that we are justified, from this point of view at least, in 
regarding the flow of gas through a soil under the influence of an 
excess of pressure as similar to that through capillary tubes, and in 
Ifiving it the name of "transpiration." 

In the course of these experiments teats were made to see whether 
the saturated air from the water pump gave different results from the 
oataide air of the room, but no difference in behavior could be detected. 

SUHUABT OF RESULTS ON TKAVSFIBATION AND DIFFUSION. 

The results of all the reliable experiments on diffusion and transpira- 
tioD are summarized in Table I. A number of experiments in which 
only the transpiration was measured have been omitted from this table, 
as a consideration of them showed that including them would not mod- 
ify to any sensible extent the conclusions to be drawn. A few other 
experiments of which there were a priori reasons to doubt the reliabil- 
ity have also been omitted. 

The values of the poi-osity, S, are given in the second column. The 
values of the transpiration constant, T, given in the third column are 
arer^res of several runs. The separate values do not differ enough to 
make it worth while to give them in detail. The values of the diffu- 
sion constant, D, in the fouiib column are the individual values 
obtained. The numbers given in the fifth column, headed S, show 
for each experiment on diffusion the ratio of the speed of diffusion 
of air to the speed of diffusion of carbonic acid as found from this 
particular experiment. These values will be used later. 
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SUHMART OP EXPERIMENTAL RESULTS. 

Table I. 
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In Table II » more compact statemeot of the results is given, 
together with the results of certain computations which have been 
made upon them, to the bnd of discovering relations which may exist 
between porosity, transpiration, and diffusion. 
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Column I shows the kind of soil used and its condition. 

Column II gives the porositj' of the soil, S. 

Column III gives the weighted mean values of the diffusion constant 
2*, as obtained for this soil and with the porosity shown in Column II. 
The values are for convenience multiplied by 100,000, 

In looking over the diffusion constants given in Table I, it will be 
seen that while values of _Z), which should be identical, are in fact some- 
times quite near to each other, they sometimes show large divergences. 
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SUMMARY OF EXPERIMEHTAL RESULTS. 21 

It was a question how to average these values, and some criterion liad 
to be souj^ht for assigning weights to the separate values of the diffu- 
sion constant in aver^ng. For this purpose the only thing available 
seemed to be the ratio R, tabulated in Table I. The assumption was, 
therefore, made that this ratio B has, in fact, a definite and constant 
value, and that the goodness or badness of a given experiment on diffu- 
sion may be estimated from the relation which its value of R bears to 
the most probable value of R. Since no criterion was available for 
weighting the values of R itself, the values in Column V of Table I, 
hither with several Qthers which were obtained from some prelimi- 
nary experiments which did not permit any computation of the diffu- 
sion constant itself, were treated as of equal weight and averaged to 
give the moat probable value of the ratio R. This value proved to be 

^=1.85±0.11 

The probable error of the mean of 57 values was found by the usual 
process for observations of equal weight. 

The following arbitrary method was then pursued in weighting the 
values of the diffusion constant D, which were to be averaged: 

(1) We take the value of (1.85-^^ for each experiment, i. e., we 
find the ratio of the most probable value oi R to the actual value 
found in the experiment under consideration. 

(2) We take the value of [(1.85-^5) — 1] without regard to sign, i. e., 
we see how far the quantity just found, namely (1,85-^5), differs from 
iU ideal value of (1.85^1.85) or 1. 

(3) We consider this difference [(1.85-^^—1] to be a measure of 
the unreliability of the experiment; and hence 

(4) We assign to the value of D, obtained from this experiment, a 
weight proportional to the reciprocal of its unreliability, i. e., we give 
this value of the diffusion constant a weight: 

Weight=,j;g5— -. 

KR ~V 

By this somewhat complicated and altogether arbitrary method 
weights were assigned to all the values of D given in Table I. The 
values were then averaged by using these weights, and thus were 
obtained the weighted mean values of the diffusion constant given in 
Column III of Table II. 

It will be noticed that thb method of weighting woujd, in the case 
of an experiment which happened to yield the value R= 1.85, give an 
infinite weight which would amount to the rejection of all other experi- 
ments from the averages — an absurd result. A different method of 

weighting, namely, that of using 1 — '—^ — as the weight (where 

the difference, 1.85—1, was taken without regard to sign), was also 
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tried later. The numerical conclusions to be drawn from the experi- 
ments are sensibly the same whether the observations be averaged 
directly, or whether they be first weighted by either of these two 
methods. 

To return to Table II, Column IV givea the mean values of the 
transpiration constant T. The accidental errors in the determination 
of Twere so small that there was no object in attempting to assign 
weights to the separate values before averaging. These three columns 
of figui'es, then, summarize the experimental data from which we have 
to draw our conclusions. The remaining colunins of Table II contain 
the results of computations which were made in the courae of studying 
the experimental data, and will be referred to in the next section. 

EMPIRICAL OONCLVSIONS FBOU THE EXFEmKENTAI. DATA. 

KEIiATION BETWEEN POROSITY AND SPEED OF DWrOMON. 

It was noticed, after only a few experiments had been performed, 
that when the porosity of a soil was reduced by compacting the soil 
by pressure from on top, or by taking it out of the soil case and 
tamping it back, the transpiration constant varied approximately as 
the cube of the diffusion constant. This led to the comparison of 
both of these quantities with the porosity, to see if any similar rela- 
tions of the form 

held there. 

Let us first consider the variation of the diffusion constant with the 
porosity. What we shall do is to assume that there exists a relation 
of the form 

Z*— constant X S" 

and then determine the value of the exponent a. In the case of each 
soil^each filling of the soil case we should rather say — that pair of 
values of D and 8 was taken as the standard for which the value of D 
had the greatest weight, determined as described in the last section. 
These values obtained for the exponent a are given in column V of 
Table II opposite the values of i>, from which they were obtained by 
combining with the standard value of D for that set. It will be seen 
that the values of « vary from 0.79 to 3,40, but that the mean values 
for the different soils do not differ more than the individual values for 
one soil differ among themselves. There seems to be no particular 
regularity in the figures, and nothing to disprove our assumption that 
the diffusion constant varies as a power of the porosity except a lack 
of closeness of agreement. These thirteen values of a were next 
averaged, giving each a weight proportional to the product of the 
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weights of the two v^alue^ of the diffusion constant used in computing 
it. They were also averaged without weighting. The results are: 

Weighted mean value, a'=1.94. 
Unweighted mean value, a'=2.09±0.14. 

It appears, then, that the reaults for each soil may be represented 
approximately by the equation 

^=con8tantX S' 

and it remains to see whether the constant varies from soil to soil or is 
tbe same, and if it is the same, what its value is. 

The value of tbe constant is evidently {D-i-S'). The value of 
{Z*-^iS') was therefore computed for each of the 20 values of Z> given 
in column III of Table II, and the results are given in column VI. It 
appears from these figures that the constant does change somewhat 
from soil t« soil, but not very much. We shall not be far wrong if 
we assume it to be the same for all the soils and take its mean value. 
The unweighted mean has been taken as well as the mean obtained by 
giving each value a weight proportional to the weight of the value of 
D, from which it was computed. The results are: 



Unweighted mean value, =2.04±0.09. 

We thus arrive at the conchision that our experimental results on 
the speed of diffusion of air and carbonic acid into each other through 
soils, as related to the porosity of the soils, may be represented approxi- 
mately by the equation 

10'xJ9=2.16X/S" 

which means that the speed of diffusion is proportional to tbe square 
of the percentage of free pore space, and that the texture, structure, 
and moisture content, while probably influencing the degree of approxi- 
mation, do not do so to any very great extent. 

KELATION BETWEEN DIFFUSION THROUGH SOILS AND FREE DIFFUSION. 

The rather surprising conclusion just reached leads us to ask whether 
our results are not directly related to the speed of diffusion of air and 
(arbonic acid into each other when no soil is present, and the diffusion 
is perfectly free. What we have done in finding the value of {D -i- S') 
is, in substance, to find the value tbe diffusion constant D would have, 
supposing our equation to be correct, if S were equal to 1, i. e., if 
the free pore space were 100 per cent of the whole apparent volume of 
11281— No. 25—05 1 
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the soil. But if the pore space were 100 per cent, we should have no 
soil grains present at all, and should have a case o£ perfectly free dif- 
fusion. Our results, then, lead us to suppose that if air and carbonic 
acid diffuse into each other freely, the number of cubic centimeters of 
eacli gas which in one second passes into the other through each square 
centimeter of cross section, if the partial pressure gradient is ] mm. 
of mercury per centimeter, is 

7)^-2.16x10-'. 

The question at once arises: How does this compare with the values 
already known from experiments on free diffusion ? 

The mean pressure at which our experiments were performed was 
760.7 mm. or, nearly enough, 760 mm. The mean temperature of the 
room was 26.9'^ 0. or, nearly enough, 27° C. Careful experiments 
on the free diffusion of air and carbonic acid have been made by 
Loschmidt" and Obermayer.* The mean of their results reduced to 
37'^ C. and to a pressure gradient of 1 mm. of mercurj' per centimeter 
gives for the i"ate of free diffusion of air and carbonic acid 

1)^^2.20x10-'. 

Their results differ by nearly 6 per cent, and would if computed 
separately give S-SfiXlO-* and 2.13X10-*, so that the value of _Z),- 
computed from our results, namely, 2.16X 10"' lies between them. 

In view of the inaccuracies of our work it would be idle to pretend 
that so close an agreement is more than accidental. Nevertheless it is 
remarkable, and we may conclude from it that the diffusion of air and 
carbonic acid into each other through a soil is in fact merely a slightly 
modified case of free diffusion, and that, dangerous as the extrapola- 
tion to 100 per cent porosity by an exponential formula might appear, 
it has actually been justified by the i-esults. Furthermore, since the 
experiments of Loschmidt and Obermayer were undoubtedly much 
more exact than ours, we may base ourselves on their work and say 
that we may, approximately at least, compute the rate of diffusion of 
air and carbonic acid into each other through the soils we have worked 
with, by multiplying the known I'ate for free diffusion by the square 
of the porosity of the soil, the i"ate for free diffusion being of coui'se 
taken for the tempemture and barometric pressure in question. This 
important and simple result will be referred to later when wc are 
considering what actually happens in a soil where, instead of having 
air as a whole diffusing into carbonic acid, we have carbonic acid and 
oxygen diffusing into each other through a nearl)- uniform admixture 
of about 79 per cent nitrogen. 

oWieQ. Ber. Math. Nat. Kl. (tl, II, 367; 62, II, 468. 

l>Wien. Ber. Math. Nat. KI. 86, II, 147 and 748; 87, II, 188; 90, II, 546. 
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The soils upon which the exjmriments were oiade were two slightly 
moist sands, one verj- uniform and the other containing both fine and 
very coarse grains; a clay loam in three states, air dry, with 19.6 per 
cent water, and with 20.1 per cent water; and a garden loam, air dry 
and with 18.6 per cent water. In view of these great variations in 
texture and structure, it seems safe to conclude that the result just 
obtained is a general one, and may be applied to all soils without 
danger of any very great errors. 

Before pursuing this subject further, we shall return to the consid- 
eration of Table H, and see whether there is any obvious relation 
between the transpiration constant and the porosity. 

RKLATION BETWEEN POROSITY AND SPEED OF TRANSPIRAIION. 

By making an assumption similar to that made about the relation of 
porosity and diffusion, namely, by assuming that there is a relation of 
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we may compute the values of >3; these values will be found in column 
VII of Table II. The eighth and twelfth values fall considerably 
below the others, and it thus appears probabre that when, as in these 
two experiments, the decrease of porosity is caused by the addition of 
water, the variation of the transpiration with porosity is not the same 
as when the soil is compressed. In the case of the diffusion constant, 
these two experiments show no such peculiarities. 

The values of ^ vary considerably; their mean, omitting the two 
values uientioned, is /3=3.9±:0.5. The mean, omitting the value 10.32, 
which for other reasons appears doubtful, is >3^3.17±0.18, 

If instead of computing y?— i, e., trying to find a relation between 
transpiration and diffusion— we try to find a relation directly between 
porosity and transpii-ation, assuming the relation to be of the form 

7'=constantx5^ 

we get, by making the same omissions as above ?'=7.2±0.7 and 
>'— 6.47±0,45. These relations, even if thoroughly established by 
more numerous and more accurate data, would be of no great impor- 
tance; but it is interesting to note that changes in porosity due to 
consolidation of the soil by compression or tamping have an enormous 
influence on the freedom with which air flows through the soil under 
the influence of differences of pressure, the speed of ti'anspiration 
vai-ying as the sixth or seventh power of the pore space. If, for 
example, we roll a soil, and so decrease the porosity of the surface 
layer from 60 per cent to iO per cent, or in the ratio of 3 to 2, we shall 
probably decrease the ease with which air flows in and out under the 
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influence of barometric changes to aa little as (^)*, or about 9 per 
cent of its former value. 

We found that diffusion was nearly independent of structure and 
texture, but this is by no means true of traDspiration. If we take the 
equation 

T^K.S'' 

which, as we have seen, gives a rough idea of the relative variations 
of transpiration and porosity,' and compute the values of the constant 
^from our experiments, using for each set of experiments the mean 
value of y found for that set, we find that Ovaries as much as from 7 
to 580, being lowest for the air-dry garden loam which contained 
a great deal of very fine material. The largest value was for the Cecil 
clay worked with 20.1 per cent of water. Phe other set of experi- 
ments on the same soil with nearly the same moisture content {19.6 
per cent) gave a value of only about 60 instead of 580. The soil had 
been air dried and had become lumpy between the two experiments, 
and though the intention was to work it up in the second case (20.1 
per cent) as nearly as possible like the first, it is evident enough from 
the difference in the ease of . transpiration that this end was not 
attained. The diffusion constants show no such difference. It i3 
obvious that in attempting to draw conclusions from experiments on 
transpiration great caution must be used, and that the porosity must 
be determined with much greater accuracy than has been done here 
in order to make numerical conclusions have any serious significance. 

THE PEHETBATIOK OF BASOUETBIC WAVES INTO THE SOIL. 

We now know something of the ease with which air may be driven 
through certain soils by a difference of pressure. The actual values 
found for the transpiration constant varied from 84 down to 0.1, the 
latter value being for the air-dry garden loam, with a porosity of 43 
per cent. In some of the experiments where soils had been wet up 
by opening the soil case and adding water from on top, the transpira- 
tion, under differences of pressure of from 5 mm, to 10 mm. of mercury, 
was too small to be measured, so that in nearly saturated soils the 
transpiration constant may become very much smaller than any of the 
values we have given. We want now to get an idea of how much air 
is actually driven into the soil by a rise in the barometric pressure, 
and how much comes out again when the pressure falls to its original 
value, so as to see how important this rinsing action may possibly be, 
and how deep it may extend. For this purpose we shall have to start 
with ideally simple conditions, and then compare the results with actual 
conditions, and in the course of our work we shall apply our computa- 
tions to some actual meteorological data, so as to get an idea of what 
might h€ conceived to happen in reality under field conditions. 
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Suppose that over a certain region the barometer rises, i. e., the 
pressure of the atmosphere increases. If we assume that the barome- 
ter has been steady for some time, the air alt through the soil down to 
the water table or impervious stratum will be at the same pressure as 
the outside air before the increase of pressure begins. If the soil be 
suEGciently open there is free communication of pressure between the 
soil air and the outside air, and as the outeide pressure increases, that 
tit the soil air must also increase by the same amount. Hence the air 
in the soil is compressed to a smaller volume and more air enters from 
outside. It is evident that if the outside pressure increases from 760 
inin. to 761 mm. the air in the soil will be compressed to f H of its 
former volume, and, therefore, since the total free pore space in the 
soil is unchanged, that there must enter the .soil from the outside a 
volume of air equal to one seveo-hundred-and-sixty -first part of what 
was there already. For the present we shall speak as if this outside 
air were sharply divided from the soil air, though we shall see later 
that this is far from true. Looking at it in this way, however, we see 
that with an increase of pressuie from 760 mm, to 761 mm. the outside 
air will advance into the soil to a depth which is ^ Jy of the total depth 
of the porous soil, supposed to have uniform porosity. 

If, then, the soil be porous enough to permit this free communica- 
tion of pressure, we may, by studying the barograph records for any 
given place, find the depths to which the outside air there has been 
advancing and from which it has been retreating during the period of 
the barograph record?-, in terms of the depth of the soil. If in addi- 
tion we know the depth of the impervious layer we can compute these 
depths of penetration in inches or centimeters. The depth in each 
case will be the produc^t of the depth of the soil by the f I'actional vari- 
ation" of the barometric height. For example: If there is a variation 
of pressure of 0.1 inch, and the mean pressure is SO inches, the pres- 
sure varies by jj^ of its value, or we may say that the fractional vari- 
ation is s^u. If the soil were 40 feet deep, the depth of penetration 
would then be ■[^j X 4iJ feet, or -^j of a foot, i. e., 1.6 inches. 

The volumes of air involved may be found by multiplying these 
depths by the area of soil surface under consideration. 

We have litipulated that the pressure in the soil should be always 
and everywhere identical with the outside pressure, but this is only a 
limiting case which is never reached but is approached more and more 
nearly as tlie transpiration constant of the soil becomes larger and 
larger, or the barometric changes slower and slower. In reality the 
barometric changes have a finit« speed and the soil offers some resist- 
ance to the passage of air through it; hence the pressure at any point 

" By "fractional variation" we inaan tlie actual variation divided by tlie mean 
pressure of 760 mm. or the actual variation oxpreeseil aa& fracUon of tlie total value 
o[ the varying quantity. 
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in the soil will vary less than the outside pressure, and the amplitude 
of the variation will decrease as we go deeper down into the soil. 
Furthermore, there will be a cei-tain amount of time lag, by which we 
mean that the variations of pressure at any point in the soil will not 
be siniultaueous with the variations of the outside pressure, but will 
1^ somewhat behind them. For these reasons the depths of penetra- 
tion and amounts of rinsing which we might compute by the method 
just described are only limiting maximum values which are never 
quite reached. 

To find the true values in any actual case is altogether impossible, 
because of the irregular manner in which the outside pressure changes; 
but it is, nevertheless, worth while to try to find out how far the 
actual values fall below these maxima for certain assumed values of 
the depth, porosity, and transpiration constant of the soil, and for a 
simple periodic oscillation of the outside pressure. Mathematically 
speaking, the problem is identical with a problem iii heat conduction, 
and it may be treated by the same methods. An outline of the mathe- 
matical work will be given in Appendix A, and we shall state here 
only the results of the computations for a few caises. 

As has been mentioned, the actual variations of the barometric 
pi'essure are so irregular as altogether to preclude the possibilitj' of a 
strict mathematical treatment. We must, therefore, make some sim- 
plifying assumption regarding the changes of outside pressure. We 
shall assume that the pressui-e is oscillating regularly through a small 
constant range on each side of the mean value, and we shall assume 
that this state of affairs has already existed for a very long time, so 
that the effects of any previous state of affairs have vanished. The 
oscillations of pressure are to be of the simplest possible nature, what 
is known as a simple harmonic oscillation. The amplitude of the 
oscillation — i. e., the greatest departure of the outside pressure from 
the mean value — we shall denote by^o. The actual divergence of the 
pressure at any point in the soil and at any time from its mean value 
will be denoted by p. What we do first is to find the average value of 
'p from the surface down to the impervious stratum, i. e., how much 
at any instant the pressure in the soil all the way from the sui'face 
down to the impervious stratum differs on the average from the mean 
barometric pressure. As the outside pressure varies up and down, 
this average pressure in the soil will also vary up and down through a 
certain range which is smaller than the range or amplitude of the out- 
side pressure. What we want to do finally is to find out how great 
this range is; i. e., we want to find the amplitude of the avei-age 
pressure in the soil in terms of the amplitude of the outside pressure. 
We shall denote this amplitude by P. What we really want, then, is 
the value of — , or, in other words, the ratio of the maximum varia- 
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tion of the mean pressure in the soil to the maximum variation of the 
outside pressure. 

It is evident that if the ease of transpiration be great enough the 
pressure in the soil will be everywhere and at all times sensibly the 



«qiial to one. The ideal case of which we first spoke is thus characterized 

p 
by the value — =l. If the depth of the soil be very great, or if the 

barometric oscillations be very rapid, it is obvious that the changes in 

pressure in the soils will \k smaller than those outside, so that — will 

be less than one, and may have any value whatever down to zero as its 

inferior limit. 

P 
We shall now give a few of the computed values of - for various 

assumed values of the depth, porosity, and ti-anspiration constant of 
the soil and for regular barometric oscillations of various periods. In 
any one case the transpiration constant and porosity are assumed to be 
constant, i. e., the soil is a^^sumed to have the same physical properties, 
as regards transpiration, at least, all the way from the surface to the 
bottom of the soil atmosphere. 
Case I. — Porosity = 30 per cent. 
Transpiration constant = 1.00. 
Depth to impervious stratum = 15 meters (49.3 feet). 

{a) For a variation with ii period of 1 day, — = 1.0 sensibly, 

p 
(i) For a variation with a period of 1 hour, — = 0,86. 

For any smaller depth of soil, for a larger transpiration constant, 



more nearly. Even for a soil as deep as 49 feet and for waves as 
rapid as one an hour, the variations of the mean pressure in the soil 
are 86 per cent of the outside variations for a transpiration constant 
of one. 

Case II. — If under the foregoing conditions the soil be only 5 
meters deep (16.4 feet), — will be sensibly equal to one for hourly 

waves, and for fifteen-minute waves its value will be 0,96. 
Case III. — Porosity = 20 per cent. 

Transpiration constant = 0,01, (The lowest value we measured 
was 0.1, so that this soil is ten times more imper^'ious than the 
most impervious on which measurements were actually made.) 

Depth to impervious stratum = 16 meters (49.3 feet). 
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For three-day waves, - =0.87. Even in this very deep, compact, 

and irnpcrvioua soil the amplitude of the average soil pressure for 
a three-day wave is 87 per cent of the outside amplitude. 
Case IV. — Porosity = 40 per cent. 
Transpiration constant = 1.0. 
Depth of soil = 1 meter {3.3 feet), 

= 0.98. 

Barometric variations of a period shorter than half a day are in 
j;enei-al of small amount, and the important cases among those cited 
are those for which the period of the waves is twelve hours or morej 
i. e., those of the semidiurnal, diurnal, and slower waves. 

It may be seen from the figures just given that in general, for those 

variations of pressure which are slow enough to be of important mag- 

P 
nitude, the value of — does not, even for a soil nearly 50 feet deep, fall 

very much short of unity for such reasonable values of the transpira- 
tion constant as have been assumed. In other words, the mean pres- 
sure in the soil does follow the outside pressure fairly closely, so that 
the ideal case with which we started is not very far from representing 
the truth, at least for regular periodic variations of pressure. Soils 
may of course be found where the transpiration constant is much less 
than 0,01, and in these cases the lag and damping of the pressure waves 
as they nin down into the soil will be-greater and the values of — less. 

We have gone through these computations because we had before- 
hand no idea of what to expect. If we had found for such reasonable 

P 

cases as those just discussed that the value of — was nearly zeco, we 

should have known at once that our simple method of computing the 
depth of penetration of the outside air into the soil was altogether 
useless and could only give values far in excess of the truth. As it 
is, we have seen that in some cases which might very well occur in 
practice, daily or slower waves of pressure may, even in a deep soil, 
penetrate almost unretarded, so that if no other disturbing factor came 
in, our simple computation of the rinsing effect might correspond to 
reality. In any case the values we compute by this method are maxi- 
mum values which may often be nearly reached, but in other cases 
not. Our computations will, at any rate, never give us too BinaJl 
values for the penetration and rinsing effect 

Let us, then, assume that the soil conditions are such as to permit 
free and instantaneous communication of pressure, so that the mean 
pressure in the soil is at all times the same as the barometiic pressure 
outside, and let us see what depth of penetration we may expect in a 
few actual cases. 
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TARIATIONS OF PKESSURB ACTUALLY TO BE EXPECTED. 

For tfaiu purpose we must have some data regarding the barometric 
variations to be expected. By the courtesy of the officials of the 
Weather Bureau we were enabled to examine the barograph sheets for 
the summer of 1903 for Bismarck, N. Dak., Eastport, Me., and Sau 
Antonio, Tex. For the last two stations the examination extended 
from April 1 to September 30, white for Bismarck it stopped at 
August 31. To get an exact value for the diurnal or semidiurnal 
range would, of course, require a very careful analysis of the records 
for many years, but a rough and ready examination of the records for 
these three widely separated stations and for one growing season wilt 
give us a general idea of the order of magnitude of the variations in 
question. The method pursued was as follows: 

The value of each pronounced maximum or minimum was recorded, 
and by subtraction were obtained the magnitudes of the successive 
changes from high to low, low to high, etc. It was found that in 
general there were a few large changes and a great many very much 
smaller ones. The value 0.20 inch was chosen arbitrarily as the 
dividing line, and the variations were divided into two* classes; (1) 
those equal to or greater than 0.20 inch, and (2) those less than 0.20 
inch. The smaller variations were classed as due to diurnal or semi- 
diurnal waves of pressure. In the course of a large variation, several 
smaller ones, while their presence was indicated, might fail to give 
maxima or minima, and so not be counted. Hence the number of daily 
waves counted must be expected to come out smaller than the number 
of days. This was the case with the small waves for Bismarck and 
Eastport. For San Antonio the most marked oscillation appeared to 
be semidiurnal, the number of small oscillations counted being much 
more than the number of days, though less than twice that number. 
The results of the examination of these smaller waves may be tabulated 
as follows: 

Table III. 
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At Bismarck and Eastport there was, therefore, a mean daily oscil- 
lation of the pressure of from 0.0005 to 0.0008 of an atmosphere on 
each side of the mean, while at San Antonio there was a half-daily 
oscillation of about 0.0009, or somewhat mora. 
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Along with these smaller waves go the larger ones, due to the pas- 
sf^e of high and low pressure areas. At £^tport these came in a. 
fairly regular succession. At Bismarck they were somewhat less reg- 
ular and of about the same amplitude. At San Antonio they were 
much fewer, less regular, and of distinctly smaller amplitude. These 
larger waves may be tabulated as follows: 
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These long-period waves thus caused an oscillation of the pressure 
of from 0.004 to 0.007 of an atmosphere above and below ita mean 
value. On the whole they have about ten times the amplitude of the 
smaller waves already considered. 

ACTUAL AMOUNTS OF RINSING POSSIBLE. 

It is now a very easy matter to see how far into the soil the rinsing 
action of these waves would extend if the division between soil air and 
outside air remained sharp. The distance of penetration is twice the 
fractional amplitude of the wave multiplied by the depth of the soil. 

p 
always supposing that — does not differ much from unity. Suppose 

that we take fractional amplitudes of about the magnitudes found for 
the short waves and for the long waves at the stations mentioned. 
The depths of penetration in inches are given below for various depths 

p 
of soil, on the assumption that —^1. 
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they would not be reached. It is highly improbable that for a soil as 
deep as 100 feet the transpiration would be free enouj^h to make 

— even approximately equal to 1, so that the values given in the 

last column are probably larger than would ever be reached in prac- 
tice. This table gives us a fair idea of the depth to which the rinsing 
action would extend at the three places named for various depths of 
^iJ. It may be seen that the daily and half-daily waves would not 
penetrate more than an inch except for very deep soils. The longer 
and larger waves would cause a deeper rinsing, but it would not hap- 
pen so often. 

We have thus obtained an idea of the possible amount of rinsing 
action or aeration to which the soil might be subject at places where 
the variations of the barometer were somewhat similar to those which 
occurred at Bismarck, Eastport, and San Antonio during the summer 
of 1903, if the action were not complicated by diffusion. We must 
next turn our attention to diffusion and see how fast a soil would be 
aerated, i, e., how fast a gas such as carbonic acid would escape and 
be replaced by oxygen bj' diffusion alone if the barometer were steady. 
Afterwards we must see how the two causes of aeration work 
together to produce the actual result. 



THE FREE DIFFUSION OF TWO GASES. 

If two gases are placed in contact they mix at a definite rate which 
depends upon the nature of the two gases, the temperature, the total 
pressure, and the linear rate of variation of the partial pressure of 
each gas. This speed of mixing by diffusion is usually characterized 
by the diffusion coefficient which is defined as follows: 

The diffusion coefficient K is the number of cubic centimeters of 
each gas, measured at 760 mm. and at f^^ the temperature of the experi- 
ment, which would at a temperature t° pass in one second through 1 
cm' into the other gas, if the rate of change of the partial pressure of 
each gas in a direction perpendicular to the square centimeter were 
ItW mm. of mercury per centimeter. The theory of Stefan," confirmed 
by the experiments of Loschmidt* and others, shows that this coefficient 
K\& proportional to the square of the absolute temperature, inversely 
proportional to the total pressure, and inversely proportional to the 
square root of the product of the densities of the two gases. These 
relations do not appear to be absolutely exact, but the first two are 

"Wien. Ber. Math.-Nat. Kl., «3, II, 63. ''Loe. dt. 
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fairly «o. The values of K have been measured for various pairs of 
$;a9es under definite conditions, and we have already, in discussing our 
esperimental results, referred to the values obtained by Loschmidt 
and Obermayer for the diffusion of air and carbonic acid into each 
other. If this rate of diffusion be known for one set of conditions of 
temperature, total pressure, and partial-pressure gradient, it may be 
•eomputad for any other set of conditions. 

The discussion just referred to showed that diffusion of air and car- 
bonic acid through the soil was in fact merely a modified case of free 
diffusion, our results, when properly reduced, being entirely consist- 
ent with those obtained for diffusion when no soil was present. We 
are therefore justified in assuming that the laws of free diffusion are 
ijtill applicable, even in a slightly less simple case than that on which 
our experiments were made, and we shall make use of these laws in 
the-coBeideration of what must happen in a soil where we have, not a 
simple case of the mixing of carbonic acid and air, but a mixing of 
carbonic acid and oxygen which have to move by diffusion, hot only 
through each other, but through a nearly uniform admixture of about 
79 per cent nitrogen. 

THE DIFFU8TON OF TWO OASES THROOOH A THIRD GAS. 

We have, therefore, to consider the case of the free diffusion of two 
jpises through a third, which at the start is uniformly distributed, so 
that its partial pressure is everywhere the same. 

The theory of Stefan," confirmed by the experiments of Wretschko* 
and Benigar," shows in the first place that the third or neutral gas, 
which at the start was uniformly distributed, will not remain so, but 
will be forced toward the place from which the lighter of the other 
two gases is coming so as to become slightly more concentrated there. 
In the second place, it shows that the rates of motion of the two other 
^ses will no longer be equal, as when no third gas is present, and 
that both rates will be modified by the presence of the third gas. 
Furthermore, the theory shows how these rates may be computed from 
the i-ates for the three gases taken in separate pairs. 

THE DISTRIBUTION OF NITROGEN IN THE SOIL. 

As regards the first of these x)oints, it is interesting to refer to a set 
of experiments by Ebermayer'' in which soil air drawn from the depths 
of 70 cm. (27.6 inches) and 15 cm. (5.9 inches) in a garden soil under 
various crop conditions was analyzed for oxygen and carbonic acid, so 
that the nitrogen may be found by subtraction, assuming that such 

« Loe. cit. 

6Wien. Ber. Math. -Nat. Kl., B2, II, 575. 

«Ibid., 62,1, 687. 

"iForach, auf. d. Geb. d. Agr. Phyaik., IS. 1!>. 1890. 
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other gases as may have t>een present were insiguificaiit in amount. 
The soil was rich in lime and humus. It waa covered with beech, 
pine, moss^ or sod, or was left bare. The beech and pine are referred 
to as "plants," and were presumably .small, the experiments having 
taken place in a nursery. A great many analyses were made during 
the period from January, 1886, to February, 1887, inclusive, and the 
average results may be tabulated as follows: 
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An examination of this table discloses the following facte: 

(1) The concentration of the nitrogen does not vary nmch, being 
always between 76.9 per cent and 79.3 per cent. 

(2) With the exception of the case of the beech plantation, where 
the variation is very small, the percentage of nitrogen was higher at 
15 cm. depth than at 70 cm. This is what we should expect, according 
to Stefan's theory; for the lighter gas, oxygen, is coming from above 
and the heavier gas, carbonic acid, from below. 

(3) This difference in the concentration of nitrogen is greatest where 
the partial pressure gradients of the carbonic acid and the oxygen are 
greatest — i. e., where the speed of the diffusion process is greatest. 
In fact, if we omit the experiments under the beech plants, we find 
that the difference of concentration of the nitrogen at 70 cm, and 15 cm. 
is roughly proportional to the mean gradient of the oxygen and 
carbonic acid. This is shown by the approximate equality of the 
numbers given in the last column of the table. It thus appears that in 
this case there was a displacement of nitrogen due to the diffusion of 
carbonic acid and oxygen into each other through the nitrogen, as 
predicted by Stefan's theory and as observed by Wretschko in his 
experiments on oxygen, carbonic acid, and hydrogen. 

It is probable that the soil conditions where these experiments were 
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made were particularly simple, and therefore favorable for a confiima- 
tioD of the theory, and under less simple conditions such a confirma- 
tion could hardly be expected. The relations might he disturbed and 
complicated by various causes, the most obvious of which is the escape 
of carbonic acid downward without any corresponding inflow of oxy- 
gen from below. If, for example, there were a considerable flow of 
ground water coming from places where there was less carbonic acid 
present in the soil air, the carbonic acid would be absorbed and 
removed by the water. This would cause an inflow from above of air 
as a whole, and since this inflow would come to mix with soil air 
which had already lost some of its oxygen during the formation of 
carbonic acid which had then itself been removed by the ground water, 
the result would be a tendency to make the soil air richer in nitrogen 
than the outside air and give an increasing perceot^e as the depth 
increased. This action would be opposed to the one just discussed, and 
might in some cases even reverse the total effect. This would be most 
likely to happen in cases where the gradients of carbonic acid and 
oxygen were small and the diffusion weak. 

With the exception of the experiments of Ebermayer already ■ 
referred to, we have found only one other set of figures bearing on 
this point. They are quoted by Sachsse" from experiments by 
Fleck,* and, as far aa they go, show just the opposite of Ebermayer's 
results. The experiments were on a garden soil, analysis being made 
of air drawn from the depths of 2, 4, and 6 meters. The average 
percentages of N„ CO,, and O, for the months April to November, 
inclusive, are shown in the following table: 
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The differences in the nitrogen are small, and in the results from 
which these averages were taken the oxygen is only given to 0.1 per 
cent, so that the difference of nitrogen at '2 nteters and at 6 meters is 
of doubtful significance. However, such as the figures are they show 
an increase of nitrogen from the surface down to a depth of 6 meters, 
or 19.7 feet. It will be noticed that the gradients of carbonic acid 
and oxygen were very much smaller than in Ebermayer's experiments, 
so that the disphtcement upward, due to diffusion, would be much less, 

a Lehrb. d. Agr. Chemie, pp. 144, 188. 

b Jahreeber. f, Agr. Chemie, 16 and 17 jahrg., p. 160. 
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even if no disturbing influences were present. In Ebermayer's experi- 
ments the mean gradient of carbonic acid was 0. 108 per cent per centi- 
meter. In Fleck's experiments it was 0.0066 per cent per centimeter, 
or only 0.06 of tbat in Ebermayer's experiments; hence we sbouM 
expect only 0.06 of the effect. The greatest displacement of nitrogen 
shown by Ebennayer's experiments was 2.4 per cent in 55 cm., which 
at the ga,me rate would amount to 17.5 per cent in 4 meters. With a 
gradient only 0.06 as great we should, therefore, expect a difference 
of 0.06x17.5, or 1,05 per cent, at most, if no disturbing causes had 
interfered and if the conditions had been the same as in that one of 
Ebermayer's experiments which-gave the greatest effect. Now, the 
soil at B depth of from 2 to 6 meters doubtless had a much smaller 
porosity than from 15 to 70 cm., so that the diffusion, and hence the 
displacement, of nitrogen would undoubtedly be much slower for given 
gradients of partial pressure. Hence it is easily conceivable that the 
tendency of the diffusion to cause a displacement of the nitrogen 
upwai-d may have been slightly more than counterbalanced by some 
such action as that of the flowing ground water to which we have 
referred. 

We may thus say that of the only two sets of experiments we have 
found bearing on the question, one, and that the more extensive, 
agrees well with the predictions of theory, and the other is incon- 
clusive. In the exceptional case of the beech plantation in Ebermayer's 
experiments there was also only a very slight gradient of carbonic 
acid and oxygen compared with the other sets, so that this may fall 
under the same category as Fleck's results. 

THE RATES OF DIFFUSION OF CARBONIC ACID AND OXYGEN THROUGH 
NITROGEN. 

Beaidespredictinga displacement of the nitrogen toward the oxygen 
side, Stefan's theory also enables us to compute, approximately at 
least, the diffusion coefficients of oxygen and carbonic a«id in a mix- 
ture where we have 79 per cent of nitrogen and 21 per cent of carbonic 
acid and oxygen together. In this case the mean rate of diffusion is 
about 1.12 times the rate for the two gases without the nitrogen. If 
from the mean of Loschmidt's and Obermayer's measurements on free 
diffusion we now compute the mean diffusion constant for oxygen and 
carbonic acid diffusing through 79 per cent of nitrogen, we find the 
value: 

J)^ ^ 0,00073 

where Dj is the mean number of cubic centimeters of each gas 
measured at 760 mm. and 25*^ C, which would in one second pass into 
the other through an admixture of 79 per cent nitrogen, through 
each square centimeter of cross section, if the concentration of each 
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gas varied in a direction perpendicular to the square centimeter at the 
rate of 1 per cent per inch, if the total pressure were 760 mm. and if 
the temperature were 25° 0. This tells us the rate of free diffusion. 
We shall now assume that the same relation holds for this sort of 
diffusion as we found to hold for the mixing of air and carbonic acid 
through a soil. We shall, namely, assume that if D^ be the rate for 
perfectly free diffusion, and if Z>, be the rate of diffusion through a 
soil of the porosity S; then 

A = Df^ 

Using this relation we get the following values of D, for various 
porosities of the soil for a pressure of 760 mm. and for a temperature 

of -igp C. 

Table Vlll. 
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These values of D, show the rates at which carl»onic acid would 
move upward by diffusion and be replaced by oxygen in soils of the 
respective porosities given, at places where the partial pressure 
gradient was such as to give a change of concentration of 1 per cent 
per inch of depth, the pressure being 760 mm. and the temperature 
25° C. 

In the following table are shown these rates of escape of carbonic 
acid and entrance of oxygen to replace it for various porosities of the 
soil and for various rates of change of concentration with the depth, 
and under the aforesaid conditions of pressure and temperature. The 
values are given in cubic feet per day per square foot of soil surface. 
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In any specific case, if we know the porosity of the aoil and the con- 
centi-atioD of carbonic acid a short distance below the surface, we may 
at once find from Tabic IX the rate at which carbonic acid is escaping 
from the soil; or, In other words, the rate at which it is being pro- 
duced in the soil under the place in question. For example: 

In a clay loam soil in a corn field on Brightwood avenue, District of 
Columbia, Mr. J. O. Belz found by analysis of air drawn from a depth 
of 6 inches, 1,20 per cent of 00^. The mean gradient of carbonic acid 
near the surface of the soil wajs therefore (l.'20-i-6), or 0.2 per cent per 
inch. The soil was well cultivated, and though no measurement on 
this point was made it is safe to assume that the porosity was between 
50 and 60 per cent; in other words, that the quantity S, by which 
we represent the porositj-, had a value of from 0.5 to 0.6. Look- 
ing at Table IX, in the second line, which corresponds to a gradient 
of 0.2 per cent per inch, we find the figures 0.103 for 5=0.5 and 
0.15 for S=0.6. This means that at that time and place carbonic acid 
was coming out of the soil at a rate of from 0.10 to 0.15 cubic foot per 
daj' for each square foot, and therefore that below the depth of 6 
inches carbonic acid must have been in the course of production at that 
rate. This computation is, of course, made on the assumption that the 
state of affairs was not changing rapidly, and that analyses on the pre- 
ceding and following days would not have given amounts of carbonic 
acid very different from 1.2 per cent at 6 inches. If the porosity had 
been measured we could have given the rate of escape, and therefore 
of production, more closely instead of having merely to give the limits 
of 0.1 and 0.15 cubic foot per day per square foot. 

In another case Mr. Belz found in air drawn from a depth of 6 
inches in a flower bed in front of the building of the Bureau of Soils 
0,65 per cent of CO,. The mean gradient near the surface was there- 
fore about 0.1 per cent per inch. Mr. Belz estimates the porosity of 
the soil here as about 43 per cent. It is safe to say that it was between 
40 and 50 per cent. By looking in the first line of Table IX, which 
gives the values for a gradient of 0.1 per cent per inch, we find for 
S=OA the figure 0.033, and for S- 0.5 we find 0.053. We may 
say, then, that in this case carbonic acid was escaping from the soil 
at the rate of about 0,04 cubic foot per day per square foot, and 
therefore that this was the rate of production of carbonic acid in the 
soil at this place below the depth of 6 inches. Other similar cases 
might be treated in the same waj'. 

If we had data on the percentage of carbonic acid and the porosity 
of the soil at different depths we could go still further and say how fast 
carbonic acid was being produced below certain given levels, and could 
then by subtraction find, approximately at least, how fast it was being 
produced Jiehoeen certain levels, and thus get an idea of how the pro- 
duction of carbonis acid was localized at different depths. 
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The converse of the foregoing problem may also be solved by tbe 
same principles. Suppose, for example, that we know by some means 
or other that in a given soil of 50 per cent poroaity near the surface car- 
bonic acid is being produced at the rate of 0.4 cubic foot per day under - 
each square foot below the 6-inch level. By looking in Table IX, in 
the column headed 0.5, we find that a rate of escape of 0.4 cubic foot 
per day corresponda to a gradient of 0.78 per cent per inch of depth. 
At a depth of 6 inches we might therefore expect to find that the con- 
centration of the carbonic acid was aboutO.T8x6, or 4.5 per cent. 

To take a more concrete example: Mr. Belz found for untreated 
lawn soil from Takoma Park, Md., Chat when the soil had been shut 
up in a tight bottle for twenty -four hours the oxygen present had been 
reduced from the normal amount of 21 per cent to 10.6 per cent. The 
carbonic acid shown by the analysis had not increased to 10.4 per cent, 
as might at first sight have been expected, but only to 7.3 per cent, 
the deficit being due doubtless, in part at least, to absorption of some 
of the CO, formed by the 10 per cent of water which was present in 
the soil. Let us assume, however, that if there had been a steady 
state of affairs the oxygen which had vanished would all have been 
converted into carbonic acid so as to give 10.4 per cent of CO, at the 
end of the twenty-four hours. 

Let us assume that under field conditions we have carbonic acid 
being produced at this average rate in a soil down to the depth of 10 
feet. Suppose the mean porosity of the soil to be 30 per cent. The 
total free pore space under 1 square foot of surface and from the 
depth of 6 inches down to the depth of 10 feet will, in this case, be 
30 per cent of 9i cubic feet, or 2.85 cubic feet. Suppose, then, that 
carbonic acid is produced at such a rate as would give 10.4 per cent of 
carbonic acid if this soil were shut up tight for one day. The actual 
volume of carbonic acid produced will evidently be 10.4 per cent of 
2.85 cubic feet, or very nearly 0.30 cubic foot. Thia, then, 0.30 cubic 
foot per day, is the rate at which carbonic acid will be produced under 
each square foot of soil surface below the depth of 6 inches, and if the 
state is a steady one carbonic acid must be escaping from the soil at 
this rate. 

Suppose now that the surface soil to a depth of 6 inches has a 
porosity of 50 per cent. Then by consulting Table IX we may find 
what must be the mean gradient of carbonic acid in the first 6 inches 
in order to allow this rate of escape. By looking in the column headed 
0.5, i. e., giving the values for a porosity of 50 per cent, we find that 
a rate of escape of 0.30 cubic foot per day requires a gradient of 0.58 
per cent per inch. Hence the concenti"ation at the depth of 6 inches 
would be found to be 0.58x6, or about 3.5 per cent, 
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We have investigated the flow of air into and out from the aoil by 
transpiration under the influence of changes in the barometric pres- 
sure, and we have compared our results with the barometric data for 
the summer of 1903 at three widely separated stations. We have 
investigated the escape of carbonic acid from the soil and the entrance 
of oxygen to replace it by diffusion, and we have shown how to apply 
the results numerically to any actual case on the assumption that our 
experimental results represented general facts. We have made these 
investigations separately, considering each process as it would go on 
if the other were absent. We have now to consider how the two 
processes are combined to give the actual aeration of the soil. A 
mathematical treatment would lead to differential equations too diffi- 
cult for solution, but we may get an idea of what happens by more 
elementary and non -mathematical reasoning, which, in view of the 
rough approximation of our experimental data, will be quite sufficient 
for the purpose in hand. 

We have already shown how far the outside air might'be expected 
to penetrate the soil during changes of pressure, for soils of various 
depths and for such variations of pressure as occurred during the 
summer of 1903 at Bismarck, Eastport, and San Antonio, if the soil 
were open enough to permit free communication of pressure, and if 
the outside air really remained distinguished from the soil air by a 
reasonably sharp dividing surface. The velocities of the transpira- 
tion waves are so small that we need not consider any possible dis- 
turbance of the sharpness of division by convection currents, but we 
must turn our attention to a comparison of these transpiration veloci- 
ties with the probable velocities of diffusion and see whether our 
fiction of a sharp dividing surface has any semblance of reality. Keal 
sharpness of division could exist only if the linear velocities of diffu- 
sion were insignificant in comparison with the rates of advance and 
retreat of the outside air due to transpiration. Let us compute these 
velocities for some particular cases. 

Let us consider a fairly compact surface soil with a porosity of 40 
percent, i. e., let 5"— 0.4. By referring to Table IX, we find that 
tor a concentration gradient of 0.1 per cent per inch the speed of 
escape of carbonic acid would be 0.033 cubic foot per square foot per 
day. As usual, the temperature is supposed to be 25° C, or 17° F., 
which is a reasonable figure for the soil temperature, though perhaps 
rather low. Let us see what the linear velocity of the gas will be in 
this case. 

We have seen (Table V) that in general the barometric transpiration 
Waves would, on the assumption of a sharp surface of division, pene- 
trate only a few inches below the surface of the soil. Let us fix our 
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atteotion on a depth of 6 inches. From a very large number of analy- 
ses of soil air from various soils and under various crops, the highest 
percentage of carbonic acid quoted by Ebermayer, at a depth of 15 
cm., or 5.9 inches, was 4.6. The great majority of cases gave less than 
1 per cent. Let us take 2 per cent as an averse, which is certainly 
high enough. If the concentration of the carbonic acid is only 2 per 
cent, its linear velocity will be fifty times its rate of escape, measured 
in cubic feet per square foot per day. This gives us, in the case just 
mentioned, a linear velocity of 50x0.033, or 1.65 feet per day. This 
is the linear velocity of free diffusion at a point where the concentra- 
tion is 2 per cent and the gradient 0.1 per cent per inch; it is propor- 
tionitl inversely to the concentmtion and will therefore be greater and 
greater near the surface as the concentration is less and less. 

The concentration of 2 per cent at 6 inches depth gives a mean 
gn^ient from there to the surface of one-third per cent instead of 0.1 
per cent per inch, so that the linear velocity will be greater than 1.65 
in the ratio of i to I'j. This gives us the value 1.65 X i -^ iV; or, we 
may write for the linear velocity of diffusion in this case 

Fd = 5,5 feet per day. 

Let us compare this velocity with the linear velocities of advance of 
the barometric waves into the soil, supposing them to remain sharp. 
First, let us take the four-day wave at Bismarck. This had a fractional 
amplitude (see Table IV) of 0.0066. In a soil 50 feet deep this wave 
would penetrate to a depth of 2X0.006CX.W, or 0.66 foot once in four 
days. The mean rate of motion of its surface would therefore be 0.66 
foot in two days, or 0,33 foot per day, and we may write for this case 



We have, therefore, 



= 0.33 foot per day. 
Vd 



T^-Q-S 



-17, 



or, in other words, the mean linear velocity of transpiration is one- 
seventeenth of the velocity of diffusion in the case treated. The five- 
day wave at Eastport would give a somewhat smaller value of Vt, 
which would therefore be a smaller fraction of Fd. 

Let us next consider the largest of the smaller barometric waves 
found, the half-daily wave at San Antonio. This had a fractional 
amplitude of 0.00091 (see Table III), and in a soil 50 feet deep would 
in the ideal case penetrate to a depth of 2X0.00091 X 50, or 0,091 
foot. Its mean linear velocity would therefore be 0.091 foot in one- 
quarter of a day, or 0.36 foot per day, so that we have for this wave 

Ft=0.36 foot per day 
and 
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or, in other words, the mean linear velocity of this wave is one- 
fifteenth of the velocity of diffusion in the case we are comparinp^ it 
with. The daily waves at Bismarck and Eastport would give linear 
velocities of about seven-eighteenths and five-eighteenths of this, or 

only about one-third, thus giving values of-j;-- about three times as 
large as those found above. 

In making these comparisons we have taken care to choose the con- 
ditions favorably for the velocity of the transpiration wave in the 
following respects; 

(1) We have assumed that there was perfectly free communication 

P 
of pressure through the soil air, i. e., that — =1. This is a limiting 

maximum which will never be reached abaolutely, and of which it may 
sometimes fall far short. In other words, we have computed the 
largest conceivable penetrations and hence the largest velocities of 
the barometric waves for ^ soil of the given depth. 

(2) We have assumed that the soil was 50 feet deep to the water table 
or other impervious stratum. This is a large value. A smaller v^ue 
would reduce our computed transpiration velocities in the same ratio. 

(3) In computing the linear velocities of diffusion we have assumed 
a porosity of 40 per cent. This is a low value for the first few inches 
of a cultivated soil, and any larger value would increase the computed 
velocities of diffusion in proportion to the square of the porosity, 

(4) We have considered the linear velocity of diffusion at a depth of 
6 inches. This velocity increases greatly toward the surface as the 
concentration of the carbonic acid falls off toward the insignificant 
value of 0.03 per cent, which it has on the average in the outside air. 

Thus we have made the conditions such as to give values above the 
truth for transpiration and below the truth for diffusion, and yet we 
have found that at most the linear transpiration velocity was only one- 
fifteenth of the linear diffusion velocity. In some cases, of course, 
the changes in the barometric pressure will be much larger and more 
sudden than those we have found, thus giving larger velocities of 
transpiration, but it is believed that the mean values which we have 
taken for a whole growing season and for three widely separated 
stations give ft fair idea of what may be expected on the average. 

As regards the assumption of 2 per cent carbonic acid at a depth 
of 6 inches, which was made arbitrarily for comparison, the following 
remarks may be made: If the concentration at that depth were only 
half as great, as it might very well be, the mean gradient up to the 
surface would be only half as great, and the rate of escape of the car- 
bonic acid only half as great when measured in cubic feet per square 
foot per day, but the concentration being only half as great, the 
linear velocity for a given gradient would be twice as great. Hence, 
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on the whole, though the vohirrw escaping depends upon the gradient, 
i. e., on the rate of increase of concentration downward, the linear 
'vdoeity, which is what we are here concerned with, is in fact independ- 
ent of it, so that the arbitrariness of our selection of a case for compari- 
son was perfectly legitimate and had no effect on the result, which 
would have been the same if we had assumed any other concentration 
at'the depth of 6 inches. 

There is, however, one more thing which, if allowed for, would 
increase the computed linear velocity of diffusion very considerably. 
We made the computations as if we had no soil present, or as if the 
given number of cubic feet which escape from 1 square foot of soil 
surface in a day had actually the whole cross section of I square foot 
through which to move. As a matter of fact the escape is taking 
place through only a part of this square foot, and the linear velocity 
must therefore be lai^er than computed just in proportion as the 
mean cross section of the free pore space in 1 square foot is less than 
the whole square foot. We have no means of knowing definitely what 
this ratio is, but the facts that we found the rate of diffusion to be 
proportional to the square of the porosity, and that free diffusion takes 
place proportionally to the sectional area of the' tube along which it is 
taking place if the cross section only is varied, might very naturally 
lead us to assume that the mean effective cross section was proportional 
to the square of the porosity, in which case a soil with a porosity of 50 
per cent would have only one-fourth of its cross section effective and 
so give fourtimes the linear velocity of diffusion which we should get by 
computations such aa are given above. But even though this form of 
reasoning may not be convincing, it is at any rate evident enough that 
the diffusion through 1 square foot is actually contined to channels of 
much less than 1 square foot in total cross section, so that the linear 
velocities which we have computed for diffusion should certainly be 
increased very considerably, though we can not say just how much. 

The upshot of it all is, then, that in any average case the mean 
velocity of advance and retreat of the outside air through the soil 
surface under the influence of changing barorfietric pressure might 
perhaps be as high as one-twentieth of the linear velocity of diffusion, 
biit is much more likely to be a great deal less. This means that the 
velocity of transpiration is altogether insignificant in comparison with 
the linear velocity of diffusion, and can therefore not have any impor- 
tant effect in modifying the rate of escape of carbonic acid from the 
soil and the entrance of oxygen to replace it. Thin interchange goes 
on hy diffusion, sensibly uninfluenced hy the variations of the outside 
pressure. 

The velocity of diffusion, then, instead of being small, is very large 
in comparison with the velocity of advance and retreat of the baro- 
metric transpiration waves. Hence our ideal case of the inflow and 



0OH0LU8ION8. 45 

outflow of the outside air with a sharp dividing surface between out- 
side and soil air in a pure fiction. It does not correspond to the truth 
at all, and the rinsing which in the ideal case would be perfect once 
in each barometric oscillation down to the extreme depth of penetra- 
tion of the wave is altogether insignificant, though, of course, some- 
thing of the sort does exist. 

If the front surface of the wave were sharp, there would l>e a slight 
increase of the rate of diffusion from lower layers, for in that case 
the free-air surface to which diffusion was taking place would be, on 
the average, not at the surface of the soil, but a little below it, thus 
decreasing the distance the carbonic acid had to transverse to escape, 
or giving a steeper gradient. But this action, like the rinsitig effect 
on the surface layer, is seen to be insignificant when we consider the 
relative values, already discussed, of the linear velocities of diffusion 
and transpiration under such conditions as actually occur. 

THE DIFF178ION OF OTHEB GASES THBOUOH TBE SOHi. 

Other gases than carbonic acid, nitrogen, and oxygen may be present 
in the soil or produced there. Their entrance or escape will follow the 
same laws as hold for carbonic acid and oxygen, and what would bap- 
pen in any given case might be computed, if the necessary data were 
available, by the aid of the principles we have given. With the excep- 
tion of water vapor, such gases are not, under normal conditions, pres- 
ent in large amounts, and are not known to be of any great importance 
to plant life, from an ^ricultural point of view, in comparison with 
the gases already mentioned. The original suggestion for the present 
research came from a desire to learn more about the diffusion of gases 
through soils because of its bearing on the escape of water from below 
the surface of a soil by other means than capillary motion of liquid 
water, and it is hoped to use the knowledge which has been gained 
here as a guide for further investigations on the drying out of soils. 

CON0I.in>INO BEHABKS. 

In the course of the work described in the foregoing pages, we have 
done the following things: 

(l)'We have measured the rate of flow of air under pressure by 
transpiration, and of air and carbonic acid by diffusion, through four 
widely different soils, in varying states of structure, compactness, and 
moisture content, 

(2) We have shown that the speed of diffusion of air and carbonic 
acid through these soils was not greatly dependent upon texture and 
structure, but was determined in the main by the porosity of the soil. 

(3) We have shown that the rate of diffusion was approximately 
proportional to the square of the porosity. 
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{4) We have shown that when this relation is used to compute from 
our results the rate of free diffusion when no soil is present, it gives 
a result which is entirely consistent with what is already known from 
the work of other experimenters on the free diflfuaion of gases. 

(5) We have shown that when the porosity of a soil is reduced by 
compacting it, the ease with which air flows through it under the 
driving influence of a difference of pressure is greatly reduced, vary- 
ing as the sixth or seventh power of the porosity. 

(6) We have investigated the depth to which free outside air might 
penetrate soils of different depths, under such barometric variations as 
are to he expected in average cases, if the outside air remained distinct 
from the soil air. 

(7) We have shown how to compute the rate of escape of carbonic 
acid from the soil by diffusion under given conditions of temperature, 
pressure, porosity, and concentration of carbonic acid. 

(8) We have compared the linear velocities of diffusion and baro- 
metric transpiration, and hence— 

(9) We have shown that the escape of carbonic acid from the soil 
and its replacement by oxygen take place by diffusion and are deter- 
mined by the conditions which affect diffusion, and are sensibly inde- 
pendent of the variations of the outside barometric pressure. 
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THE PEHETEATION OF BABOMETRIC WAVES INTO THE BOiL. 

Let ua itsBume, as the resalt of experiment, that vhea ^ moves throi^h the eoil 
under the driving influence of a gradient of preaanre, the flow of air meosureil in 
cubic centimeters at 760 mm. is proportional to the pressure gradient. Consider a 
volume element Sj: Sy Sz, the flow beii^ parallel to the axis of x, which we shall 
suppose measured vertically downward from thesurfaceof the sol!.. The flow down- 
ward at x-~-{. e., into the element through its upper face — will be, in the time Si, 



if 8x, Sy, and Sz are meaaared in •centimeters, p in millimeters of mercury and t in 
seconds. In other words, if we take 1 square centimeter of soil 1 cm. thick and let 
the pressure vary by 1 mm. of mercury from one face to the other, the flow is T, 
and we may with these units use the values of T already tabulated. During the 
same time the flow of air downward at a: -|- Sx — i. e., out of the element through its 
lower face — is 



The total inflow is the fl 



-^""'if.+u^'-y 



T Sx Sy Sz ^ St, 



where we have assumed T to be a constant and independent of x and t. 
If we let SQ be the amount of air flowing in, and replace Sx Sy Sz by Sv, ^ 



If we let p be the cubic centimeters of gas measured at 760 mm. which are i 
present per cubic centimeter of the soil, we have 

i_ dQ_dp 

Sv '3i~'Si' 
whence equation (1) takee the form 

If S is the pore space in 1 cubic centimeter of soil, we must evidently have 

'' = JL, 
"S 760 
whence from (2) we get 
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760r. 



or ii we represent the easentially positive constant 
(4) 



Now we are to consider email oecillationB of pressure about a mean value of 760. 
Let us write 

7.=760+e. 
where 6 is the divergence of the actual pressure from its normal value of 760. We 
then have 

^_^. JV=3^ . 

dl A' dJ' J?' 
or by substJtutii^ in equation (4), 
(5) ^l=a'^'l 

We have to find a solution of equation (5) which shall satiafy the initial and boundary 
couditions. 

The initial condition is that at the start the escess of pressure 9 shall bedistributad 
in some determinate way as we go down from the surface to the bottom of the soil 

air at the impervious stratum, which we shall suppose to be at a depth -h cm. 
This condition, then, may be written 

e=/(a:), for( = 0. 

We are going to consider the state of affairs after so long a time that the effect of the 
initial state shall have become negligible, so that the form of f(x) is immaterial. 
We may, therefore, for simplicity writ« J(x)=fi, and our condition becomes 

e = 0, tor i = and any value of j;from0 to g. 

Of the boundary conditions, one relates to the surface where the outside pressure 

varies periodically, and the other to the impervious layer at a depth ^ = "S' through 

which no flow of lur is possible. We shall assume that the outside pressure performs 
a simply harmonic oscillation of amplitude %, and may therefore write our surface 
condition in the form 

6=Sa »n att, for 3:=Q and any value of t. 
The masimnm difference between the outside pressure and its mean value of 760 is 
6,,. The period of the oscillation is r=— . 

The condition that for x=- there shall benoflow of airin either direction is most 
easily satisfied by modifying the problem a little. Instead of im^iuing the soil air 
to stop at a depth -g, let it continue to a:=C, and at3;=Cletthere beaforced oacilla- 
lion of pressure identical with that for 3^=0. The whole state of affairs will then be 
symmetrical about the point x=^, and there will be no flow through the surface at 

x=^, BO that it is inmiaterial whether there is an impervious stratum at that depth 

or not, and a solution of our modified problem will be a solution of the original one. 
Onr boundary conditions may, therefore, be satisfied by letting 0=6, sin eat, both for 
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x=0 aad lOr x=C, m that we may now write all oor conditioiis, initial and boundary, 
in the formB 

{6=0 for (=0 

e=e, Biniul torx=0 
S=e„Bin oat ioTX=e 
The equation (5) must now be solved subject to the conditions (6). The solution 
may be found in Biemann'a Ftulielle Differeatia^leicliungen (3rd ed. , 1SS2, H 69, 60). 
It is 

\V= j e \ <: / Biac^ldX 

which ie the value we have to use, since we are concerned only with the elate of 
afEuTS after a very long time, i. e., for very laige values of (. 

To simplify the work we now choose our unit of length equal to C, so as to make 
C=l all through the equations. This changes the value of a' in a definite way. 
The value of a' ia 

„,_760 T 

* — 5~' 

so that since £ is a pure number, the dimensions ot a' are the same as those of T. 

From the expression given on pa^ 47 for the inflow of air into the left face of an ele- 

meat of volume, we have the dimensional equation 

whence 

orsinc«wearegomgto change onlytheunitoflengthwe have for present purposes 

[■•].[T]_[1.] . 
This means that if, for instance, we increase the unit of length 10 times the value of 
a' will be decreased 100 timea. Hence if we are treating a case where the depth to 

the water table is -s centimetets, we shall have to use in computing the value of a', 
not the value of I* as measured in experimental units, bat a value ^ of that. 



If we do this in our practical application to computing numerical results, we may 
write equations (7) and (9) in the forms 

e 1 A w^sin n««l ^^™. . 

(11) ^=sin«oi|l--i \ ' n I + 4a'«\ »IP»8mji«a! 
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To find the average value of the preasare in the soil at any time we have b> tak*' 
I -g d :e. If we let thia mean value of 9 be denoted by a and perform the int^ra- 
tion, we get 

(13) J^?- = -^ a cos al+ B a^if em oot 

where 






The value of S, or the deviation of the average pressure in the soil at any Inetant 
from ite mean value of 760 mm. ie evidently a periodic funotion of the time with the 
same period as the outt^ide pressura It must have a emaller amplitude and a certain 
time lag. The important thing for us is the amplitude, which we shall call 6,^ We 
want to find what is the greatest divei^nce of the mean preasnre in the soil from 
the surface down to the water table from the normal pressure, or, in other words, we 

want the value of ^. To find thia we must find the time for which i- is a 



oraroinimnm,8ndtheninHert this time in the general equation for ^, which will give 
ns P. By performing the usual operations of differentiation, etc., on equation (13) 
we get as our final result 
(15) jLS.i„c™«+i,.V«„«, 

■where 



fl=i,S,l 



and where t satisfies the condition 

08) •"--^ 

III inveetigadng any numerical case the first step, after deciding upon the poroeity 
of the soil S, its transpiration constant T, and its depth -^ , as well as the period of 

the barometric oscillation, r=— (hourly, d^ly, etc), was to nse the numerical 
values decided upon to find the value of ■>), and from equation (10) tlte value of a*. 
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The next step was to compute approsimste valaes of A aDd B [equatiooa (16) a 
(17)]. Since the convergence of these series is inconveniently slow, two others wi 
substituted. We have 

^ l((mff)'+aj'~/ t[anir)*~^^i\__(anx)*'~{(ma)*+a>'J 

'^('wr)V.|w*~/.lL(«n«)*~(aw"')'+'^J 

The value of ^ ij? "^ or """^ ^^^ auxiliary series J J r^ „^)i ~] 



1 



converges fairiy rapidly for most of the numerical casee treated. The vaine of B was 
found by a similar device, the known value on which the computation was based 



being in this case > O^'o" 



Aiter values had thus been found for A and B, they were inserted in equation 
(IS). Tbis gave the required values' of sin at and cos <uf, which were finally Bul)ati- 

tuted in equation (15), giving the desired value of ^, which then stated how far the 

oscillation of the mean pressure in the soil fell short, in its range, of the range of the 
oscillation of the outside barometric pressure, or, in other words, the error that would 
be committed by re^rding the soil as so porous as to permit an absolutely free com- 
munication of pressure all through its volume from the surface down to the water 
table. The value of tan <ot found from equation (18) also permitted the computation 
of the time lag, but this is of no importance, as all we care alx)Ut is the amount of 
pressure variation and not the time at which the maximfl and minima of pressure 
occurred. 



THE DIFFUSION OF TWO GASES THROUGH A THIED. 

Stefan's theory of the diffusion of gases starts by forming the equations of motion 
of the gas in a volume element, considering the driving force to be the slope of pres- 
sure and assuming a frictional (or ratherviscous) resistance to the motion of one gas 
through another which is proportional to the relative velocity of .the two gaaes and 
to theproductof their concentrations. The accelerations are then set equal to zero, 
as the motion is supposed to be so slow that kinetic enei^ is negligible. From this 
basis he deduces, for a pajr of gases diffusing into each other, the equations 



(3) ^=-r^ 

where p is the total pressure and 6 „ a quantity which for a given temperature and a 
given pair of gases is constant. From a priori conaderations, as well as from the 
results of esperiment, it appeats probable that b,, is proportional to the square toot of 
the product of the molecular weights of the two gases. 
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52 AERATION OP SOIM. 

He then extends his work to three gases, and shows that it the third gas retnainB 
sensibly uniformly distributed the otlier two have their velocitiea changed in known 
ways, BO that we have 
(4) 

(5) 

where 

(8) 

/I., tieiiig the partial pressure of the third gas. The constants b,, and b„ have a sim- 
ilar s^nificance to 6|, which ia to be found from the equation 

(8) ^=jr- 

In our compntatioa of the value of the diffusion constant of CO, and 0, through 
an admixture of 79 per cent N„ we used the relations 6,, / &,, / 6^ = \/tljdj / \/d,d, / 
s/d^ letting djld^l (i,=44 / 33 / 28, these beii^ the relative densities of CO,, 0„ and 
N,. We also let }>,=0.79 y, and took the necessary value of JC from the mean result 
of Loschmidt and Oberraayer, nsit^ the fact that JC is proportional to fP [where 
6 = absolute temperature, (273+25) in our case] to get the value of K at 25°. We 
were thus able to compute the diffusion constants K' and A". 

The values were 

K' =1,053 A" (for CO,) 
K'' = 1.190A"(for O,) 

We took the mean of these, or 1.12 K, as the value to be used. 
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